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ABSTRACT 

This thesis presents an investigation into a novel group of GaAs charge storage 

devices. These devices, which are an integration of bipolar and junction field effect 

transistor structures were conceived, designed, fabricated, and tested within this study. 

The purpose was to analyze new types of charge storage devices, which are suitable for 

fabrication and lead to the development of dynamic and nonvolatile memories in III-V 

compound semiconductors. 

Currently, 111-V semiconductor storage devices consist only of capacitors, where 

data is destroyed during reading and electrical erasure is difficult. In this work, four 

device types were demonstrated that exhibit nondestructive reading, and three of the 

prototypes can be electrically erased. 

All types use the junction field effect transistor (JFET) for charge sensing, with 

each having different bipolar or epitaxial layer structure controlling the junction gate. 

The bottom epitaxial layer in each case served as the JFET channel. Two of the device 

types have three alternately doped layers, while the remaining two have four alternately 

doped layers. In all cases, removal of majority carriers from the middle layers constitutes 

stored charge. The missing carriers deplete the current carrying region of the JFET 

channel. Drain current of the JFET becomes an indicator of stored charge. 

The basic function of each JFET memory element type is independent of 

interchanging n- and p- type doping within the structure type. Some performance 

advantage can be realized, however, by sensing with an n-type channel as compared to p

type due to increased carrier mobility. 
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All device types exhibit storage time characteristics of order ten seconds. Devices 

are constructed in epitaxial layers grown by molecular beam epitaxy (MBE) reactors. 

The design of the epitaxial layers is an intrinsic part, together with the electrical design, 

of the storage device concept. These concepts are implemented first with 

photolithography masks which are used in device fabrication. The fabrication methods 

employ wet chemical etching and ohmic metal liftoff techniques. Electrical dc and 

charge retention time characteristics along with functionality read/write operations for the 

memory element group are measured using commercial electronic test equipment. 
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CHAPTER1-BACKGROUND 

Charge storage in semiconductor devices is important to memory technology. 

Since charge represents information, a single charge storage device, together with an 

access transistor, constitutes an entire memory element. This allows design and 

fabrication of very high density memory systems. 

In the early 70's, research on charge storage in semiconductors was in an 

embryonic stage. Efforts were centered on achieving memory functionality in both 

silicon bipolar and silicon metal-oxide-semiconductor (MOS) technologies Ll-9]. Since 

then, semiconductor memories (utilizing MOS technology) have progressed to a mature 

industry with an annual revenue of 15 billion dollars. Current development work is 

focused on reducing cell dimensions primarily through the refinement of fabrication 

methods [10]. 

Although silicon material is the primary choice for semiconductor charge storage 

technology, it is possible that other semiconductor material systems, such as III-V's, can 

be utilized [11, 12]. The intrinsic speed of III-V materials and the wide bandgaps 

available can potentially lead to a new class of high performance, long retention dynamic 

memories. To date, however. very little work has been accomplished on the development 

of fully functional charge storage devices in III-V's, and only proof-of-concept storage 

techniques have been demonstrated [11-39]. 

The challenge facing charge storage device research today in an alternative 

material system is to develop storage cells which have very high speed access, integrate 

to high density levels, and have low manufacturing cost. However. this challenge can 
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only be met after a more basic approach has been taken in which read, write, and erase 

operations are first demonstrated for a particular cell type. 

The goal of this work is to develop memory cells in III-V compounds such as 

gallium arsenide (GaAs) that are fully operational in terms of read, write, and erase 

functions. The scope of this research is presented in Section 1.3. In Sections 1.1 and 1.2, 

a review of the current state of technology of charge storage for silicon and III-V 

semiconductors, respectively, is presented. For a detailed review of silicon 

semiconductor memory technology see refs. [40,41]. 

1.1 Silicon charge storage devices 

Commercial silicon charge storage devices include (1) DRAM's, (2) non-volatile 

memories (NVM's), and (3) charge coupled memories (CCD'S). CCD's are analog storage 

devices and are primarily used in specialty applications such as solid state imaging 

systems. They are limited by being serial access devices. DRAM's and NVM's on the other 

hand are randomly accessed devices. They comprise the majority of the semiconductor 

memory market, with NVM's sharing 10% of the total [41]. 

Non-volatile memories store charge in a polysilicon layer which is completely 

surrounded by oxide. This stacked structure forms the gate of a field effect transistor 

whose threshold characteristics are altered by charge on the polysilicon layer. Due to the 

large energy barrier offset of polysilicon/silicon dioxide materials (3.2 e V), NVM's can 

retain information for long periods of time (> 10 yr at room temperature) without power. 

Although NVM's have long retention times, programming times are relatively slow 

(sec). Moreover, the electrical stress applied to the device during programming causes 

the oxides to degrade. Thus, a limited number of programming cycles exist before NVM's 

become inoperable. 
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In contrast, silicon dynamic random access memories store charge on a metal-

oxide semiconductor (MaS) capacitor. The signal charge is represented by uncovered 

fixed ionized impurities when the MaS capacitor is pulsed into a "deep depletion" state. 

In the storage phase, no active power is required to maintain signal charge, however, over 

time (30 s at room temperature) the charge leaks away and must be periodically 

refreshed. The simplicity of an MaS capacitor together with an access transistor allows 

for fabrication of 4 Mb density commercial DRAM's with 256 Mb structures presently in 

development [42-44]. 

Reading a modern silicon DRAM cell destroys data, consequently they suffer from 

disturb conditions when accessed for reading. DRAM's require refreshing following a read 

operation. In addition. readout times for DRAM's are relatively slow (>50 nsec) due to the 

time required to transfer charge from the storage cell capacitor to the bitline capacitor. 

These disadvantages of increased cycle time and slow read access time cause the speed of 

DRAM's to lag behind that of microprocessors [45, 46]. Thus, it is reasonable to examine 

charge storage in III-V compound semiconductors in which the intrinsic speed of 

materials such as GaAs shows potential for very short access time low-power memory 

cells. 

1.2 State of technology of charge storage in 111-V semiconductors 

The two charge storage concepts discussed above for silicon technology, i.e. 

retaining excess carriers in a potential well (NVM cell) and exposing fixed ionized 

impurities (DRAM cell), have, in principle, been demonstrated using III-V materials. 

However, the specific techniques employed are very different than that which was 

described for silicon charge storage technology. This is primarily due to the lack of a 

high quality, electrically insulating native oxide in III-V's [47-49]. The main obstacle in 

producing a suitable insulator in 111-V's is elimination of the high density of surface states 
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that exist, which pins the Fermi level near midgap. This prevents modulation of minority 

carrier densities at the surface, a basic requirement for establishing inversion mode type 

devices. Thus, MOS type charge storage devices have not been implemented in III -V 

semiconductors. 

Instead, charge storage device research in III-V compounds has followed two 

other approaches. The first device type employs heterobarriers which store charge by 

trapping excess carriers in a one-dimensional potential well [11, 13-21, 26, 34]. The 

second device type employs homojunctions which store charge by depleting mobile 

carriers from a p-n junction, uncovering fixed ionized donor atoms [12, 22-25, 27-39]. 

Heterobarrier devices are "leakage limited" where storage times are determined by the 

escape of excess carriers over the heterobarrier, whereas homojunction devices are 

"generation limited" since storage times are governed by thermal generation of carriers 

within the depletion region. 

1.2.1 Heterobarrier storage technique 

Heterobarrier storage can employ a quantum well that is created within an 

epitaxial material layering sequence in which a narrow bandgap material is placed 

between layers of wide bandgap material. The epi-grown material must be of 

exceptionally high quality. Large band offsets are desirable and only a single carrier type 

(electrons or holes) can be present in quantity during storage. The basic idea of storing 

charge in a heterobarrier is shown in Fig. 1.1 which displays the energy band diagram 

during a write sequence. During the write operation, electrons are drawn over the 

heterobarrier and some fraction becomes trapped in the low bandgap storage well layer. 

During the storage phase, electrons leak out through the various mechanisms 

illustrated in Fig. 1.2. Typically direct tunneling is not a leakage mechanism since the 
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barrier thicknesses are usually wide (:::: 100 nm). The primary leakage mechanism is 

thermionic emission over the heterobarrier. 

VA 

• 
Doped • 
layer Ec 

Wide EF1 

T Bandgap 

Storage Ev qVA 
well • 0 • • Ec Wide 

Bandgap EF 
2 

Doped 
layer 

0 
Ev 

Figure 1.1 Heterobarrier charge injection (WRITE) technique. A cross-section of the 

material layering sequence is shown along with an energy band diagram. 

The quasi-Fermi levels, EFI and EF2' are given above. 

The capacitance of a stacked structure, such as shown in Fig. J.2 is sensitive to 

stored charge in the heterobarrier well. Thus, storage times can be measured by 

monitoring the change in capacitance. Activation energies can then be extracted from 

temperature studies of storage times. 
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A summary of data compiled in the literature for various heterobarrier material 

systems is shown in Fig. 1.3 which plots storage time versus inverse temperature. A 

number of material systems have been investigated including GaAs/AIGaAs, 

InGaAs/lnAIAs, and InAs/AIAsSb [11, 13, 14, 16-21, 26, 34]. 

The wide range of data shown in Fig. 1.3 suggests different thermal mechanisms. 

Most of the activation energies fall within acceptable values for barrier heights, although 

some of the studies attribute the primary leakage to mechanisms other than thermionic 

emission over a heterobarrier [21]. 

Doped 
layer 

Wide 
Bandgap 

Storage 
well 

Wide 
Bandgap 

Thermionic 
Emission .---

Thermionic. ~~~ 
Field 

Emission 

Migration 
via traps 

EC 

Doped Ev 
layer 

Figure 1.2 Heterobarrier charge storage technique. A cross-section of the material 

layering sequence is shown along with an energy band diagram during the 

storage phase. 
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It is possible that carriers, confined by a heterobarrier in one direction, leak out 

laterally through the edges. To prevent lateral leakage, baniers must also be provided 

within the plane of the storage well [50]. Figure 1.4 shows an example by depicting an 

electron storage well in which a ring of p-type material is placed on the top epilayer using 

impurity doping. This p-type ring acts as a barrier for electrons within the storage layer 

as well (compare Fig. 1.4 cross-section A-A and B- B). Thus, electrons injected into the 

storage well are confined in three dimensions. 

Figure 1.3 
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Once charge is injected into heterobarrier wells, it becomes difficult to remov~ 

using electrical techniques. Capasso, et. al suggested that by using asymmetric barriers, 

electrical erasure was possible [16]. If one barrier is graded in alloy composition while 

the other barrier is abrupt, then applying a voltage of one polarity would allow carrier 

injection, while the opposite polarity would cause carrier removal [16]. This erasure 

technique has yet to be demonstrated. 
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Figure 1.4 Cross section of heterobarrier storage device showing lateral confinement 

of electrons within storage layer. The epilayer structure is shown along 

with a conduction band energy diagram for sections A-A and B-B. 
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1.2.2 Homojunction storage capacitors 

The second storage concept in which uncovered fixed ionized impurities 

represents stored charge has been demonstrated in III-V's using p-n homojunctions. The 

storage technique is shown in Fig. 1.5 which depicts a homojunction pnp bipolar charge 

storage structure and energy band diagram during the write sequence. To store charge, 

majority carrier electrons are removed from the floating base region. This is 

accomplished by applying a voltage which forward-biases one p-n junction and reverse

biases the other. Majority carrier electrons are removed through the forward-biased 

junction, which charges the floating n-type layer positive, uncovering fixed ionized 

impurities. 

Floating Storage p Layer , Ec 

P .~ Fp 
n Ev • • • • • 

Fp i. 
0 

~ 0 0 

Figure 1.5 Cross section of bipolar pnp homojunction charge storage device. An 

energy band diagram is given above showing removal of majority carrier electrons during 

the WRITE sequence. 
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Following the write sequence, the structure is grounded at both ends. The 

majority carriers in the n-type layer redistribute such that both junctions become reverse

biased, which represents the storage state of the device. If the n-type base region is 

floating, then the primary source of replenishment of missing majority carrier electrons is 

through thermal activation processes (Fig. 1.6), as is the case for all "deep depletion" 

mode storage devices. Thus, a bipolar structure in which the base layer is floating can 

accomplish charge storage when the device is pulsed into a non equilibrium depletion 

state. This homojunction storage concept applies to bipolar npn structures as well. 

Figure 1.6 

Thermal Generation 
e-h pairs 

The storage state of a pnp homojunction charge storage device. The 

energy band diagram is given above showing replenishing of majority carrier electrons 

through thermal generation. 
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Using capacitance data as a function of temperature, the retention times can again 

be compared for homojunction devices with heterobarrier devices. Figure 1.7 gives the 

results of storage times versus inverse temperature for previously reported homojunction 

memory capacitors. Shown, also for comparison, is a silicon 256 kB DRAM cell [51]. 

The results in Fig. 1.7 demonstrate an intrinsic advantage of bipolar cells in 111-

V's compared to heterobarrier devices. Leakage in a homojunction device requires 

thermal generation of carriers in the depletion region or an activation energy of about half 

of the bandgap. This is much larger than the commonly encountered band offsets in 111-V 

materials [52]. Storage times as high as 4.5 hr at room temperature have been achieved 

using homojunction techniques, compared to milliseconds for heterostructures [33]. 
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To summarize the existing work of charge storage in III-V's, homojunctions show 

increased retention times compared to heterobarrier devices due to the relatively large 

bandgaps available for formation of p-n junctions compared to the low barrier heights 

achievable in heterocompounds. Moreover, heterobarrier devices require provision for 

in-plane barriers for three dimensional carrier confinement. These characteristics make 

the heterobarrier technique an impractical storage device compared to the bipolar 

homojunction technique in III-V materials. Thus, work shown in this study considers 

only homojunction-based charge storage devices. 

1.3 Scope of dissertation 

In this research work, charge storage technology for III-V compounds is expanded 

by the development of a new class of memory devices. Novel structures are developed 

which integrate a junction field-effect transistor (JFET) with a homojunction charge 

storage capacitor [34-37]. These devices are fabricated using standard III-V processing 

techniques. 

Three memory device types developed in this study demonstrate, for the first 

time, read, write, and electrical erase operations. In addition, all of the JFET memory 

cells address the problem of disturb during reading. 

Since speed is intrinsic to III-V materials such as GaAs, the charge storage 

devices discussed in this dissertation potentially represent fast DRAM cells and the 

designs can be extended to other materials as a non-volatile memory. 

The contents of this dissertation are as follows. Chapter 2 discusses the methods 

employed in fabrication and techniques used in experimentally evaluating the new charge 

storage devices. Chapter 3 presents a review on the fundamentals of GaAs p-n junction 
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charge storage capacitors. Some experimental results of storage capacitors are given 

along with a comparison to previous results obtained in the literature. Chapter 4 presents 

the detailed analysis and experimental results of the novel JFET charge storage structures. 

Simple models are developed for read and write operations and comparison is given to 

experimental results. The problem of electrical erase is also discussed in Chapter 4. 

Experimental demonstration of electrical erasure using several variations of the JFET cell 

are given. 
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CHAPTER 2 - DEVICE FABRICATION AND EXPERIMENTAL PROCEDURES 

In this chapter, a description of the procedures necessary for fabricating GaAs 

charge storage elements is given. In addition, the basic test setup and experimental 

procedures for measuring capacitors and transistor memory devices is described. 

2.1 Device fabrication 

The most important part of device fabrication is ensuring a repeatable process. 

The critical process step in this study is defining the non planar topology using chemical 

etching techniques. It must be controlled to such an extent that ohmic contacts to a 

specific epi-Iayer are possible. The epilayers are typically on the order of 200 nm in 

thickness, which pose some limitations on the etching rate. In this study, wet chemical 

etching techniques are used for all mesa definitions. Although a dry plasma etch provides 

a more vertical sidewall, the potential adverse effects occurring from ion damage to the 

surface of the storage device during processing is avoided. 

The second most critical process step in this study is providing ohmic contacts. In 

some instances the epi-Iayers are lightly doped (1017 cm-3), which causes problems in 

establishing good ohmic contacts. Throughout this study, ohmic contact recipes 

previously developed at Sandia National Laboratories are used [53]. 

2.1.1 Capacitor fabrication 

A typical process sequence for fabricating a storage capacitor is given as follows. 

First a metal evaporation step is performed on the backside of the wafer. Table 2.1 lists 



29 

the metals used for all n- and p-type ohmic contacts. The top side of the wafer is covered 

with photoresist (1.2 J.lm in thickness) for protection. 

Next, a standard photolithography pattern is used to define the storage cell mesa 

(frontside). The photoresist pattern, is baked (90 C 90 min.) to prevent lifting during 

etching. The wet chemical etchant consists of H3P04:H202:H20 with a dilution ratio of 

1:4:45. 

EPI-LAYER DEPOSITION METAL THICKNESS 

TYPE SOURCE (A) 

Ge 270 

n electron beam Au 540 

Ni 140 

Au 2000 

p thermal 2% Be/Au 3000 

Table 2.1 Ohmic metal types and thicknesses used in fabrication. 

Prior to etching, a surface oxide removal step is performed with NH40H:H20 

(1 :20 dilution) to ensure a bare GaAs surface exists when submersed in the etchant. It is 

important to control the temperature of the etching solution. Experience has shown that a 
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consistent etch rate of 47 A/s for GaAs is achieved at an etchant solution temperature of 

16C. 

After etching, the wafer is rinsed in de-ionized water and, prior to pattern 

removal, film thickness measurements are performed to compare thicknesses before and 

after etching. This ensures that the proper depth, which is typically 1 ~m, has been 

attained. 

Next, a photolithography step is performed to define the metal contact on top of 

the mesa. This process is called liftoff since the deposited metal lifts off in areas where 

photoresist is underlying. It is important that the wall profile of the photoresist be 

inverted to insure a clean break in areas where the metal is deposited to the 

semiconductor. 

Prior to metal deposition, a surface oxide etch is performed with NH40H:H20 

(1:20 dilution) to ensure a bare GaAs surface exists when depositing the metal film. 

After film deposition, the wafer is submersed in acetone to strip the photoresist and metal 

film in the field areas. The wafer is then cleaned and dried. 

Finally, a rapid thermal anneal step is performed on the sample, which is placed 

on a thermally conducting substrate in an air-evacuated chamber purged with dry nitrogen 

gas. The temperature of the substrate is quickly elevated to 370 C and held for 30 s 

before cooling. To prevent out-diffusion of arsenic from the semiconductor surface 

during the anneal step, an additional GaAs test wafer is placed in proximity (on top) of 

the sample. Studies have shown that the recipe metals given earlier (both nand p-type) 

sufficiently react with the semiconductor to form ohmic contacts at the specified time and 

temperature of this rapid thermal anneal process [53]. 

Figure 2.1 shows a cross-section taken from a scanning electron microscope 

(SEM) of a fabricated storage capacitor. The dimension of the line scale given at the top 
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is 2 Ilm. As shown in Fig. 2.1, the etch depth is approximately 1.5 Ilm, and the undercut 

or slope of the sidewall is approximately 1: 1 (450). 

Figure 2.1 Scanning electron microscope view of sidewall etch for storage capacitor. 

The dimension shown at the top of the photograph is 2 Ilm. 

2.1.2 Transistor memory cell fabrication 

The basic process features described for storage capacitors are also used in 

fabrication of a typical transistor memory cell. A cross section of a device showing the 

layout of the gate and source/drain probe pads is given in Fig. 2.2 The process flow is 

depicted in Fig. 2.3. 

First, a storage cell mesa etch is performed using the wet chemical etching 

procedures described above. Etching to the channel is critical since over-etching 
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prohibits making ohmic contact to the sense channel. Additionally, under-etching the 

mesa to the storage layer prevents electrical isolation of the storage layer. 

Next, the device isolation process is performed. This consists of a pattern and 

etch step in which open channel areas are etched down to the semi-insulating substrate, as 

shown in Fig. 2.3. Etching procedures described above are used during this step. 

Figure 2.2 

Charge sensing 
channel 

Gate Probe Pad 

Semi-insulating substrate 

Cross-section of transistor memory test structure showing placement of 

gate and source/drain probe pads. 

After etching is complete, ohmic contacts are provided to the source/drain region 

using the liftoff techniques described earlier. For n-channel devices, the deposited ohmic 

metal sequence is Ge/Au/Ni/Au using electron beam evaporation. For p-channel devices, 

the deposited ohmic metal sequence is a Be/Au compound (2% Be) using thermal 

evaporation (Table 2.1). 
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Figure 2.3 Process flow for fabrication of transistor memory cell. 
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Finally, a rapid thermal anneal process step is performed in which the sample is 

rapidly heated to 370 C and held for 30 s using the procedure described earlier. 

In certain instances where desired, contacts to additional epilayers are made. The 

wet chemical etching techniques described above are also employed to define additional 

epilayer regions. 

Figure 2.4 shows a SEM view of the cross section of a fabricated transistor 

memory element using the process described above. The line widths for the source/drain 

and control gate metal are approximately 2 j..lm. The slope of the sidewall is 

approximately 1:1 (450 ). 

Figure 2.4 Scanning electron microscope view of fabricated JFET transistor storage 

element. The cross section shows the ohmic metal lines and the mesa 

sidewall etching. The dimension given at the top of the photograph is 5 

j..lm. The metal line widths are approximately 2 j..lm. 
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An additional SEM photograph of a particular JFET memory device with a 

channel length of 5 Ilm is shown in Fig. 2.5. The line width of the control gate metal for 

this device is also 2 Ilm. A magnified view of the same device is shown in Fig. 2.6. For 

a more detailed description of the process sequence, see Appendix A. 

Figure 2.5 Scanning electron microscope view of JFET transistor storage test 

structure. The placement of the probe pads are labeled above. The 

dimension at the top of the photograph is 20 Ilm. 

2.1.3 Mask design 

Layout of a test mask involves careful thought, including the types of experiments 

to be performed along with the underlying flow of the fabrication process. 
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The mask set consisted of 5 levels. The critical items in mask layout are the 

minimum feature size (2 flm) and the registration tolerance (± 0.75 Ilm) from level-to-

level. Registration tolerances must take into account process features themselves, i.e. 

undercut due to wet etching, etc. A detailed description of the mask layout is given in 

Appendix A. 

Several test structures were included on the mask set which allowed for testing of 

charge retention time as a function of geometric cell arrangement. A summary of the 

JFET test structures is given in Appendix A (Table A2). 

Figure 2.6 Scanning electron microscope view (magnified) of JFET transistor storage 

element given in Fig. 2.5. The dimension at the top of the photograph is 5 

flm. 

In addition to memory cell test structures, several process control structures were 

included on the transistor memory mask set, such as ohmic contact and isolation testers, 

structures suitable for easy mounting in a SEM platform, and various photolithography 
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alignment and resolution indicators. Details of the process control structures are given in 

Appendix A. 

2.2 Experimental test setup 

Since storage times are very sensitive to temperature, all samples were mounted 

on a temperature-controlled substrate with an electrically insulating thermally conductive 

epoxy. An MMR Technologies microprobe station was used during testing. This 

equipment combines a Joule-Thompson cold finger with a variable heater and allows 

temperature settings raaging from 77K to 380K [54]. 

For capacitor structures, the conductive GaAs substrate was mounted on gold

plated sapphire. Silver epoxy paint was used to bond the GaAs substrate to the gold film. 

Transistor structures were typically on a semi-insulating substrate and the samples were 

mounted directly on the MMR temperature-controlled fixture. 

A list of the equipment used in measuring storage times is shown in Table 2.2, 

along with the relevant specifications. Figure's 2.7 and 2.8 show the test setup for 

capacitor and transistor storage time measurements, respectively. 

ITEM 

Capacitance 

Current 

Table 2.2 

TEST MEASUREMENT RESOLUTION 

EQUIPMENT MODE 

Time Interval Reading 

HP4280A C-t (burst) 100 ~s ±(O.l % + 5 counts) 

HP4145B Time domain (1-t) IOms 4 digits (50fA max.) 

List of test equipment used in measuring storage times of capacitors and 

transistors. 
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2.2.1 Capacitor storage time experimental setup 

All capacitance measurements employed the HP 4280A capacitance meter 

operated at 1Mhz and zero volts dc bias. Prior to actual measurement, the probes, test 

lead cables, and test fixture are calibrated for stray capacitance using the zero open and 

cable length adjustment error correction parameters. A typical measurement consists of 

applying a pulse across the structure and monitoring the decay of the capacitance over 

time, all the while shielded from light. Prior to the pulse, the equilibrium capacitance 

value is established by a capacitance measurement at zero volts dc bias over a fixed 

period of time (2 min.) to ensure a stable reading. 

2.2.2 Transistor storage time experimental setup 

For transistor measurements, the HP 4145B parameter analyzer is used. In these 

experiments, the drain current is monitored over time while shielded from room light 

(Fig. 2.8). The temperature controlled substrate is the same as described above. Excess 

leakage current through the semi-insulating substrate is checked by monitoring the 

current at the source and drain terminal at both equilibrium and nonequilibrium charge 

storage conditions. 

A typical storage time measurement consists of monitoring the channel current 

over time during which a voltage pulse is applied to the gate terminal. The voltage pulse 

is generated using an external pulse generator as shown in Fig. 2.8. 
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Figure 2.7 Schematic of experimental setup used in measuring storage times for 

capacitor storage devices. 
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Figure 2.8 Schematic of experimental setup used in measuring storage times for JFET 

transistor storage devices. 
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The storage time characteristics of p-n junction memory capacitors are considered 

in this chapter. A brief review of the leakage mechanisms associated with p-n junctions 

is described. The equation governing decay of stored charge is given for symmetrically 

doped junction storage capacitor. For this analysis, it is shown that the capacitance time 

constant is related to carrier lifetimes and is exponentially dependent on one half of the 

bandgap of the material. The effects of temperature on storage times are also given. 

Next, the effects of field-enhanced generation, unequal junction leakage rates, and 

asymmetric junction doping on storage times are considered separately. Experimental 

results of fabricated pnp and npn storage capacitors are then presented. The effects of 

scaling and the perimeter-to-area ratios are also shown. 

3.1 Leakage mechanisms 

The decay of stored charge depends on the p-n junction leakage current under 

reverse-biased conditions (Fig. 1.6). Leakage mechanisms, which have been investigated 

in detail [55-59], are subdivided into two components (1) bulk, and (2) surface. A 

summary is given below. 

3.1.1 Bulk leakage currents 

For a junction under reverse-bias, the total bulk leakage current is given as 160] 

(3.1) 
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where JBdiff is the bulk diffusion current density and JBgen is the bulk generation current 

density. The bulk diffusion current is due to diffusion of minority carriers from the bulk 

charge neutral region to the edge of the space charge region. In the absence of 

illumination, the bulk diffusion current density is expressed as [61] 

(3.2) 

where Dn,p and Ln,p are the minority carrier diffusion coefficients and diffusion lengths 

for electrons and holes; npo and Pno are the equilibrium minority carrier densities of 

electrons and holes. The minority carrier concentrations are expressed as 

npo = (3.3) 

where ND,A are the doping concentrations, and ni is the intrinsic carrier concentration. 

For GaAs p-n junctions under reverse-bias at room temperature, minority carrier 

concentrations are small. For example, using a low value of doping (ND,A = 1015 cm-3), 

npo or Pno at room temperature is 1.8 x 10-3 cm-3 (ni = 1.8 x 106 cm-3). For such small 

minority carrier concentrations, bulk diffusion leakage current is negligible and is ignored 

in any further analyses. 

The bulk generation current density given in Eq. 3.1 is expressed as 

(3.4) 

where GB is the bulk generation rate and WD is the depletion width. 
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In the depletion region, carriers are generated through scattering phenomena 

associated with traps which have energy levels within the forbidden gap region. The 

steady state rate at which generation of electrons and holes occurs is described by the 

Shockley, Read, Hall formula, which is given as [62] 

n,7 - p(x)n(x) 
GB(X) = ---:--~-7--'----'-~'----:-

'rn(P(X) + PI) + 'rp(n(x) + n1) , 
(3.5) 

where p(x), n(x) are the minority hole and electron concentrations, and 'tn,p are the 

intrinsic minority carrier lifetimes of electrons and holes, respectively. Carrier densities 

n1 and PI represent the concentration of electrons in the conduction band and holes in the 

valence band, respectively, for the case where the Fermi energy is equal to a single trap 

energy level, ET. These quantities are expressed as 

and PI = n; e(Ei-Er)/ kT . (3.6) 

The intrinsic concentration, ni, is expressed as 

(3.7) 

where Nc,N v are the density of states of electrons and holes in the conduction and valence 

band, respectively. Substituting Eq.'s 3.6 and 3.7 into Eq. 3.5 , and assuming that 

p(x)n(x) « nj2, the generation rate reduces to 

GB(X) = ( ) ( ) ,(3.8) 
'l1I e(E,(x) - Fp(x» /k T + e(Ei - Er) /k T + 'rp e(FN(X) - E,(x» /kT + e(Er- E,) /k T 

1Ij 
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where Fn(x), Fp(x) are the quasi-Fermi levels for electrons and holes, respectively, which 

gives rise to n(x) and p(x) in the denominator of Eq. 3.5. 

Figure 3.1 shows a reverse-biased n+p junction, depicting a single energy level 

trap, ET(X), which lies within the forbidden gap zone. The quasi-Fermi levels, FN(X) and 

Fp(x), are also shown. The diode depletion region, WD, is subdivided into three regions. 

The dominant region of generation can be determined qualitatively using Eq. 3.8. For the 

region 0 < x < Xl, the trap energy level lies below the quasi-Fermi level (ET < FN(X)). 

Figure 3.1 
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Energy band diagram for a n+p junction under reverse-bias. The trap 

energy level ET(X) is shown along with the quasi Fermi levels. 
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Generation rates in this region are low due to the large exponential increase in the 

denominator of Eq. 3.8. Similarly, generation rates in the region X2 < x < X3 are minimal 

since Fp(x) < ET. When the trap level lies between the quasi-Fermi levels (FN(X) < ET < 

Fp(x)), an increase in generation rate occurs. This region, Xl < x < X2, is denoted as W G, 

as shown in Fig. 3.1. 

Using the above arguments, the bulk thermal generation rate given in Eq. 3.8 

reduces to 

(3.9) 

where the generation lifetime, 'tG, is given as 

(3.10) 

Using Eq. 3.9, the leakage current associated with thermal generation in the bulk 

is given as 

where W G is the generation width. 

q lli 111 
"" -rrG 

'ZG 
(3.11) 

Midgap or deep level traps are most effective in terms of capture and emission of 

carriers when 'tn "" 'tp• This is seen by taking the derivative of Eq. 3.10 with respect to ET 

and setting the result equal to zero, which is expressed as 

ET= Ei+k[ 11l(~;) . (3.12) 
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For 'tp :::: 'tm the most effective trap energy level occurs at ET = 1;, thus, 'ta :::: 'tn + 

'tp . If'tn » 'tp ' however, the most effective trap energy level is located at an energy level 

above Ei> thus,fG :::: fn(e(Ei-Er)/kT). Similarly for 'tp » 'tn, the dominant thermally

activated trap is located at an energy level below Ei> thus, fG :::: 'rp(e(Er -Ei) /k T) 

3.1.2 Surface leakage currents 

Leakage currents at the perimeter or mesa edge consist of surface diffusion and 

surface generation currents, which is expressed as 

JSR = JSdijf +JS gen , (3.13) 

where JSdijfand JSgen are the diffusion and generation current densities occurring at the 

surface. 

As discussed in Section 3.1.1, bulk diffusion current is negligible because the 

minority carrier concentrations are extremely low. At the surface, the pinning of the 

quasi-Fermi level near midgap increases the minority carrier densities slightly. Under 

reverse-bias conditions, however, this slight increase has negligible effect [22], and 

consequently, surface diffusion current JSdijf is not considered further. 

Leakage due to surface generation for reverse-biased diodes follows similar 

treatment as in the bulk case. The trap sites, however, have a continuous distribution in 

energy throughout the bandgap, but are considered to be non interacting [63]. The 

generation rate at depleted surfaces is described as [63] 

Ee 

GS = (3.14) 

Ev 



47 

where Os is the generation rate occurring at the surface (cm-2/s); DIT(E) is the density of 

interface or surface traps (cm-2-e V-I) at a discrete energy level E; nls(E) and PIs(E) are the 

density of electrons and holes (cm-3), respectively, for the Fermi energy at trap energy 

level E. The surface electron and hole capture coefficients measured in (cm3/s) are given 

as cns(E) and Cps(E), respectively. 

The density of electrons and holes at the surface for the Fermi level at the trap 

energy level E are given by 

PIs = nje(Ei-E)/kT . (3.15) 

Substituting Eq.'s 3.15 into Eq. 3.14, the surface generation rate is expressed as 

Gs=sGnj , (3.16) 

where sa, is defined as the surface generation velocity (cm/s), which is given as 

(3.17) 

If surface energy states located at midgap are dominant, the surface generation velocity 

reduces to [63] 

SG ;:: ~ vCns cps kT Drr . (3.18) 

To first order, the surface leakage current density can be expressed as [22] 
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(3.19) 

where P is the device perimeter, A is the device area, and WGS is the generation width at 

the exposed surface. 

3.2 Storage time approximation for symmetrical junctions 

Using the leakage current estimates derived above, an estimate of the storage time 

relationship for a homojunction capacitor can be obtained. The simplest case to consider 

is a structure which has equal doping levels throughout as well as equal thermal 

generation rates for both junctions. With these assumptions, the decay of stored charge 

residing on a single junction can be evaluated. The stored charge density, Qs, is related to 

the difference in non equilibrium and equilibrium depletion widths as 

where W nv is the total width of the depletion region on the n-side, W no is the equilibrium 

depletion width on the n-side, WOv is the total junction depletion width, and Woo is the 

total equilibrium depletion width. The doping densities for the p- and n-regions are NA 

and No, respectively, which are equal. The rate of change of Qs is related to the leakage 

current density as 

d;/ = _q (GB (WGB ) + Gs (WGS If) , (3.21) 

where OB and Os are the generation rates given earlier. For symmetrically doped 

junctions (NA = No), the generation width in the bulk is given as WOB = (Wov - Woo). 
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Assuming that the surface generation width, Was::: (WDv - WDo), Eq. 3.20 can be 

substituted into Eq. 3.21, which is expressed as 

(3.22) 

The solution to the differential equation given above is 

(3.23) 

where Qso is the initial stored charge density and 1: is the storage time constant given by 

For bulk limited homojunction storage devices, the time constant is expressed as 

r=ND rG 
21lj , 

whereas for surface limited devices, the storage time constant is given as 

21l'sG P 
I A 

(3.24) 

(3.25) 

(3.26) 

Using typical values for doping levels, 1: can be evaluated as a function of 

generation lifetime. Figure 3.2 shows the storage time versus generation lifetime at room 

temperature for a bulk limited device (Eq. 3.24). A range of doping levels (1 x1017 cm-3 



50 
to 5 X 1017 cm-3) is examined. As can be seen from the plot, storage times approach tens 

of seconds for generation lifetimes on the order of IOns. 
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Figure 3.2 Storage time constant versus generation lifetime for a symmetrical pn 

junction capacitor limited by bulk leakage. 

3.3 Temperature dependence of charge storage time 

Assuming thermally activated leakage mechanisms, the time constant, 't, is 

expressed as [64] 

(3.27) 

where EA is the temperature independent activation energy, k is Boltzmann's constant, 

and C is a prefactor which has a relatively weak temperature dependence. 
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To relate EA to theory, the experimental result of storage time can be compared to 

the theoretical value derived in Section 3.1. For bulk limited capacitors, the storage time 

expression (Eq. 3.25) is given as 

(3.28) 

where EG is the bandgap of the material. Although the doping level (ND), density of 

states terms (Nc,v), and lifetimes (tn.p) are temperature dependent, their temperature 

dependence is negligible compared to the exponential term. 

The general expression given in Eq. 3.10 can be compared to Eq. 3.28 by noting 

that one exponential term will dominate dependil'lg on the location of the dominant trap 

energy level. For example, if ET > Ej then EA :::: ET - Ej + EoI2. Similarly if ET < Ej, then 

EA:::: Ej - ET + EG/2. Traps located at midgap show an activation energy of EA :::: EG/2. 

Thus, the measured activation energy gives a relative location of the trap energy level 

with respect to the conduction or valence band, whichever has the largest difference. 

Since the bandgap value lies within the exponential, its temperature dependence 

must also be considered, which is given as [60] 

aI2 
EdT) = EdO)-( ) , 

T+f3 
(3.29) 

where EG(O) is the zero temperature bandgap value, and a, ~ are fitting parameters (aGaAs 

= 5.4 x 10 -4, ~aAs = 204). Over the actual measurement temperature range (300K < T 

< 400K), the bandgap can be accurately approximated as 



EdT) = EdO') - ar, (300K < T < 400K) , 
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(3.30) 

where Ea(O') is the linearly extrapolated value at T = 0 K. For the linear approximation, 

the value of Ea(O') is 1.59 eV. Substituting into Eq. 3.28 yields 

(3.31) 

where C is a constant. Thus, within the linear approximation, the activation energy for 

trap levels located at midgap is EA ::: Ea(O')/2. 

3.4 Additional considerations 

3.4.1 Field-enhanced generation 

In Section 3.2. storage times are directly proportional to doping levels. However, 

increasing junction doping levels increases the magnitude of the peak electric field in the 

space-charge region. which leads to enhanced thermal generation rates [24, 65]. 

Electric field effects on atomic potentials were first described empirically by 

Poole [66], and theoretically by Frenkel [67], and the resulting model is often noted as the 

Frenkel-Poole effect. Their model is illustrated in Fig. 3.3, which portrays the effect of 

an electric field on the trap's Coulombic potential. As derived by Frenkel, the reduction 

in energy barrier due to an applied electric field is given as 

(qE)1/2 
1l¢ = 2q 1CE ' (3.32) 
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where d<j> is the reduced barrier height (eV), E is the electric field strength (V/cm), and c 

is the permittivity at high frequency (F/cm). Thus, in the presence of an electric field, an 

electron sees a reduced barrier, which effectively increases the thermal generation rate. 

Figure 3.3 

qEx 

... x 

One dimensional model of the barrier height lowering due to an externally 

applied uniform electric field. The dashed line represents the unperturbed 

case (external applied E field = 0), whereas the solid line shows the effect 

of the applied electric field. 

For reference, the peak electric field in a symmetrically doped p-n junction at 1018 

cm-3, with a reverse voltage level of 1.0V is approximately 6 x 105 V/cm. The reduced 

barrier height, then, (Eq. 3.32) is approximately 0.32 eV. For an actual p-n junction, the 

peak electric field (calculated here) normal to the junction exists only at the metallurgical 

junction point, and this barrier height reduction is an overestimate [68]. However, 

electric field dependence on storage times has been observed in the pnp homojunction 

capacitors [24]. Moreover, it was shown by Duncan et al. that insertion of a thin 300A 
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undoped layer between a heavily doped p+n+ junction improves storage times by a factor 

of ten due to the reduction of the peak electric field [24]. This result is used in designs of 

JFET storage cells given later. 

3.4.2 Unequal charge decay rates 

In actual devices, one junction may be leakier than the other due factors such as 

processing, material inhomogeneities, or asymmetric design. The storage time is 

governed by the leakier junction. This is depicted in Fig. 3.4 which shows an npn 

structure during the charge decay phase. 

For unequal leakage rates, but otherwise identical capacitors, charge flows from 

the less to the more leaky capacitor in order to maintain a constant voltage across the 

storage layer. During the charge decay period, a current (I) supplies the leakier capacitor, 

as shown in Fig. 3.4. 
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Schematic of npn storage capacitor. The epilayer stack is shown on the 

left and the equivalent circuit is shown on the right. Charge flows (I) to 

the leakier capacitor, as denoted by the direction of the arrow above, in 

order to maintain a constant voltage. 
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The set of equations governing the decay of stored charge is then 

dQs = -2G l Q _ I 
dt ND s , 

(3.33) 

and 

dQs = -2G2 Q + I 
dt ND s , 

(3.34) 

where the 0 1,2 is the total generation rate for each capacitor (01,2 = OB1,2 + PIA OS1,2)' 

The solution to the coupled set of equations given above is of the form given in Eq. 3.23, 

where t is expressed as 

(3.35) 

from which one finds 

100 _1 +_1 
T Tl T2' 

(3.36) 

3.4.3 Non-exponential charge decay 

The analyses given above and in Section 3.2 predict exponential decay of stored 

charge. These results are due to equal doping levels on both sides of the junction, which 

give an equally distributed generation width (W G = WOv - Woo). 

For asymmetrically doped junctions (NA *" No), WG depends on doping as well as 

voltage levels [12]. Referring to Fig. 3.1 which shows a n+p junction, WG is defined by 

the intersection of the quasi Fermi levels and the trap energy level. For low voltage 
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levels, Wa lies mostly in the p-type region and Wa :¢:. WDv - WDo. Due to this 

asymmetry, the decay of stored charge then follows a non exponential behavior [12]. 

3.5 Activation energy measurements 

Homojunction memory capacitor structures were grown at Sandia National Labs 

by molecular beam epitaxy (MBE) on conducting substrates in a Varian GEN-II reactor 

system. Cross-sectional views of the capacitor structures are shown in Fig.'s 3.5 and 3.6. 

The first device is a pnp (Fig. 3.5); the second is an npn (Fig. 3.6). Incorporated into both 

structures are 30 nm wide undoped layers of GaAs to reduce field-assisted thermal 

generation component, as discussed earlier. 

Figure 3.5 
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Cross-sectional view of the pnp homojunction memory capacitor. The 

small 30 nm undoped layers are inserted to reduce field-assisted thermal 

generation. 
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Cross-sectional view of the npn homojunction memory capacitor. 
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The structures were fabricated using the methods outlined in Chapter 2. Storage 

time measurements followed the test setup, also shown in Chapter 2. 

The storage time is defined as the time for the measured change in the capacitance 

signal to reach 63% of the initial change in capacitance, which is expressed as 

(3.37) 

where C is the measured capacitance. Figure 3.7 shows a typical capacitance decay curve 

at room temperature for a 200 J.lm x 200 J.lm pnp capacitor. The voltage applied during a 
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WRI1E was a +3 V, 250 ms wide pulse. For this particular device, the capacitance decay 

follows a near exponential decay and the time constant is around 500 s. 

The reverse leakage currents were also measured. Figure 3.8 shows a typical 

measurement of current density versus applied voltage. For this measurement, a positive 

sweep was applied first from OV to +3V. The device was then reset (erased) by shining 

light, which removed stored charge. A similar sweep was then performed in the negative 

direction. The particular device shown in Fig. 3.8 is a npn cell (200 Ilm x 200 Ilm). 
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Capacitance verse time for a 200 Ilm x 200 Ilm pnp capacitor (Fig. 3.5). 

The equilibrium unstored capacitance value measured 26 pF. The lie 

storage time is approximately 500 s. 

The J-V results shown in Fig. 3.8 are fairly symmetric, although some devices 

showed asymmetric results, suggesting unequal leakage rates. For devices with 
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asymmetric J-V results, the top junction was typically leakier than the bottom, which may 

be due to the severe undercut due to isotropic etching (top area not equal to the bottom). 

In addition, the devices with large asymmetric J-V results showed negligible storage 

times, which is consistent with the discussion presented in Section 3.4.2. 
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Figure 3.8 Measured current density versus applied voltage for a typical npn 

homojunction memory capacitor (200 ~m x 200 ~m). 

Storage times were measured as a function of temperature for several pnp and npn 

devices, a summary of which is shown in Fig. 3.9. Using an exponential fit to the 

measured data, the activation energy can be determined as discussed earlier. Table 3.1 

summarizes the results for pnp and npn capacitors. 



-!II -CD 
E 
:;:: 
CD 
Cl 
l!! 
o -en 

100 

10 

1 

PIA 0.02 Ilm-1 __ 

_ pnp (EA = 0.73eV) 
-£I- pnp (~= 0.73eV) 
_ npn (~ = 0.83eV) 
__ npn (EA = 0.82eV) 

0.1 L.....o.. ___ ....... __ "-~~"'-~~..&...-_............I 

2.0 2.4 2.8 3.2 
1000IT (Kr1 

3.6 4.0 

60 

Figure 3.9 Storage time versus inverse temperature. The results are shown for 

devices having a perimeter-to-area ratio (PIA) of 0.02 flITI-1 and 0.12 flITI-1, 

respectively. 

DEVICE TYPE P/ARATIO ACTIVATION ENERGY 

(I1m)-! (eV) 

pnp 0.02 0.73 

0.12 0.73 

npn 0.02 0.83 

0.12 0.82 

Table 3.1 Summary of activation energy results for pnp and npn memory capacitors. 
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The activation energies for the pnp devices (0.73 eV) are somewhat less than the 

results for the npn devices (0.83 eV), although both values are within reported range of 

deep level traps for GaAs material [69,70]. In addition, the npn devices typically showed 

reduced storage times as compared to pnp devices. Since most of the depletion region for 

the npn device is in the p-type material, the data shown in Fig. 3.9 suggests that 

generation lifetimes in p-type material are less than lifetimes in n-type material. 

The data given in Fig. 3.9 shows reasonable agreement with previously reported 

results given in Fig. 1.7. 

3.6 Scaling issues 

In scaling a memory cell, the issues of importance are minimum signal charge 

residing on the cell, and storage times. In this section, an estimate the minimum 

allowable size based on historic silicon DRAM data is presented first. Next, the 

geometric scaling effect on charge storage time is shown. 

3.6.1 Charge density considerations 

A homojunction memory cell is depicted in Fig. 3.10, which consists of np+n 

epilayers. The p+ layer is floating. The quantity of stored charge residing on a single 

reverse-biased p-n junction is expressed as 

(3.38) 

where Qs is the charge storage density (C/cm2), W nv is the expanded depletion width on 

the n-side, W no is the equilibrium depletion width on the n-side, and ND is the doping 

concentration. 
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Figure 3.10 Homojunction npn memory cell showing charge storage region for single 

p-n reverse-biased junction. 

Using the depletion approximation formula [61], the above equation is written as 

(3.39) 

where V r is the reverse voltage on the p-n junction due to stored charge, V bi is the built-in 

voltage of the junction, e is the permittivity, and q is the electronic charge. 

To estimate the amount of charge density expected in p-n junction capacitor cells, 

Eq. 3.39 can be evaluated using typical values for GaAs. Figure 3.11 plots stored charge 

density in GaAs versus reverse voltage, Vr, due to stored charge. The built-in voltage is 

I.4V, and the acceptor doping level is 1019 cm-3• As the doping level on the lighter side 

increases, the storage density also increases for a given reverse voltage, V r, as shown in 

Fig. 3.11. 
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Figure 3.11 Charge storage density versus reverse voltage, Ve. The doping of the 

heavy side is NA = 1019 cm-3 while the lighter side doping, ND, is varied as 

shown. 

The maximum density which can be stored on a reverse-biased junction is limited 

by breakdown due to avalanche or tunneling, which is typically 5-6 fC/llm2 in GaAs [22]. 

A conservative upper limit for achievable storage densities is then 2-3 fC/llm2, which for 

a junction capacitor doped ND = 1018 cm3, requires a voltage level in the range of 1.0 

-1.5V. 

The signal charge residing on the memory cell must exceed the sum of the system 

noise charge and the critical charge due to alpha particle hitting [71]. Based on data from 

silicon planar DRAM technology, a 2-3 fC/mm2 charge density memory technology 

corresponds to a cell size of approximately 35 - 50 Ilm2 [71]. This estimate considers 
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only the minimum allowable signal charge residing on a p-n junction capacitor and does 

not consider other items such as surface effects on charge retention times, and 

layout/fabrication technology. Below, the perimeter effects on leakage in p-n junction 

storage capacitors are reported. 

3.6.2 Experimental measurements of perimeter dependence on charge storage time 

To investigate the geometric scaling effects on charge storage times, the pnp and 

npn epilayer structures shown in Fig. 3.5 and 3.6, respectively were measured as a 

function of device size. 

The structures were fabricated using the methods outlined in Chapter 2. Storage 

time measurements followed the test procedure discussed in Chapter 2. The voltage 

applied during a WRITE sequence was a +3 V, 250 ms wide pulse. The lie retention time 

followed the definition described in Section 3.5. 

Figure 3.12 shows storage time versus perimeter-to-area ratio for several pnp 

capacitor device types measured at room temperature. As can be seen from the data, 

storage times are fairly sensitive to edge effects by noting that the retention time 

decreases by a factor of 10 for PIA of 0.02 ~m-l ('tpnp = 600 s) and PIA = 0.18 ~m-l ('tpnp 

= 40 s). 

Similarly, npn capacitor devices were measured at room temperature. Storage 

time as a function of perimeter-to-area ratio is shown in Fig. 3.13. The results obtained 

for the npn devices are similar to the pnp device measurements given in Fig. 3.12 

suggesting that surfaces play an important role in determining storage times. 
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Figure 3.12 Storage time at room temperature as a function of perimeter-to-area ratio 

(PIA) for the pnp device given in Fig. 3.5. 
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Figure 3.13 Storage time at room temperature as a function of perimeter-to-area ratio 

(PI A) for the npn device given in Fig. 3.6. 
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The data given in Fig.'s 3.12 and 3.13 indicates the strong dependence of storage 

times on surfaces. For bulk devices, storage times are approximately 700 sand 400 s for 

pnp and npn devices, respectively. Based on the data shown in Fig. 3.12, a 50 ~m2 pnp 

cell (PIA = 0.56 ~m·l) would have an estimated storage time of approximately 100 ms. 

Similarly, a 50 ~m2 npn storage cell would have a retention time of approximately 800 

ms based on the data given in Fig. 3.13. 
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CHAPTER 4 - JUNCTION FIELD EFFECT STORAGE TRANSISTORS 

In this chapter, a new type of memory cell in which a homojunction storage 

capacitor is integrated with a junction field effect transistor (JFET) is shown [72]. 

Charge sensing is accomplished by monitoring the effect of stored charge on the JFET 

drain current. The investigated results of the basic storage operation for this type of cell 

and the storage characteristics are presented. In Section 4.3, the effects of read voltage on 

storage times are shown. Comparison of storage times with homojunction capacitors is 

given in Section 4.4. Scaling issues are addressed in Section 4.5. A model is developed 

in Section 4.6 for the stored charge induced modulation of drain current. The effects of a 

gradually varying channel voltage and fixed series resistance are analyzed. The model is 

extended to include the WRITE operation in Section 4.7, and compared to experimental 

results in Section 4.8. In Section 4.9, several modified transistor cells that permit 

electrical erasure are shown. Finally, fundamental design criteria for the JFET memory 

element is considered. Experimental results are presented throughout the chapter. 
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4.1 Basic operation of the JFET memory element 

Fundamental to the operation of the storage transistor is the channel conductivity 

modulation by stored depletion charge located in the space charge region. A cross 

section of an npn junction field effect (JFET) memory element is shown in Fig. 4.1. The 

structure consists of a p-type electrically floating epilayer and an n-type conducting 

channel serving as the charge sensing layer. As noted in Fig. 4.1, the floating p-type 

epilayer acts as the gate for the charge sensing channel. The control gate used for 

accessing the memory element is an n-type epilayer, which is integrated on top of the p

type floating gate. Although the npn epilayers form a bipolar transistor, the main purpose 

is to provide isolation of the p-type floating layer during storage. 

Access gate 

Floating 
p+ gate 

n 

p+ 

t..:..:..;:..:..:..:..:..:.:.::..:..:..:.""--__ .::::.....:!+ + + + + + + + + + + + + + + + + + r--__ ~;:;:;:;:~:.;.:;:;:;;:;;J 
" + ++++++++++++ +" 

" .. ~~~~~_ n 
---------"~ 

Sense channel 
Semi-insulating Substrate modulation 

Figure 4.1 Cross-section of a n-p-n junction field effect (JFET) transistor storage 

element. 
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To WRITE to the JFET memory element, the source and drain terminals are 

grounded and a voltage pulse with magnitude V G is applied to the control gate, as shown 

in Fig. 4.2b. Although a positive gate-to-source voltage pulse is shown, either polarity 

pulse may be used for writing. Removal of majority carriers is similar to the technique 

described in Chapter 1 for homojunction capacitors in which holes are reverse injected 

into the n-type epilayer through the slightly forward-biased junction. Immediately 

following the WRITE operation the gate terminal is grounded, which causes depletion 

charge in the reverse-biased junction to redistribute such that both junctions become 

reverse-biased. During the storage phase, no external voltages are required to maintain 

stored charge. 

Reading is accomplished by monitoring the channel current using a small applied 

source-to-drain voltage. Stored charge (logic ONE) and un stored charge (logic ZERO) 

memory states are indicated by a low and high value of channel current, respectively, as 

shown in Fig. 4.2b. 

4.2 Functional READ/WRITE memory device results 

To examine the functional READ/WRITE memory operations, a P-i-N-i-P structure 

was grown by molecular beam epitaxy on a semi-insulating [100] GaAs substrate in a 

Varian GEN-II reactor system. A cross section of the memory element is shown in Fig. 

4.3. This structure combines the P-i-N-i-P capacitor reported by Bedair et al. [25] with a 

JFET sense channel forming a p-channel JFET memory element. The small 30 nm 

unintentionally doped epilayers are inserted to reduce the peak electric fields located 

within the space-charge region, which in turn minimize field-assisted thermal generation 

of electron-hole pairs as discussed in Chapter 3. The device was fabricated using the 

process sequence described in Chapter 2. 
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Figure 4.2 Functional diagram of JFET memory element. (a) Circuit symbol for npn 

JFET device. (b) Timing sequence for WRITE and READ operations. 
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Figure 4.3 Cross section of experimental P-i-N-i-P JFET memory element with 

symmetric doping above and below floating n-type epi-Iayer. 

Figure 4.4 shows a typical READ/WRITE sequence for the pnp JFET by plotting the 

drain current versus time at room temperature. The applied drain voltage is V DS = -1.5 V 

and the source is at ground throughout the measurement. 

Initially, a drain bias of VDS = -1.5 V with the control gate grounded determines 

the equilibrium reverse-biased channel junction depletion width corresponding to the 

logic ZERO state of -400 1lA. When a +5 V, 250 ms pulse (WRITE) is applied to the 

control gate contact, electrons flow out of the n-type epi-Iayer through the top junction. 

The bottom n-p junction depletion region increases in response to the reverse-bias during 

the WRITE pulse as indicated in Fig. 4.4 by the reduction in drain current (-5 IlA). When 

the control gate terminal is grounded, a redistribution of charge occurs between both 

junctions. This effect is indicated by the sudden rise in channel current to -240 IlA as 
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shown in Fig. 4.4, which is nearly half of its equilibrium logic ZERO value. Similar 

behavior occurs for a negative control gate pulse (Vas = -5 V, 250 ms), which is expected 

since the epilayer thicknesses and doping levels for this device are symmetric. In this 

case, the n-p channel junction becomes forward biased during the negative WRI1E pulse, 

increasing the drain current, followed by an abrupt drop as charge redistributes upon 

grounding the control gate terminal (Fig. 4.4). 
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Drain current versus time for the P-i-N-i-P JFET given in Fig. 4.3. The 

storage cell mesa is 7 /lm in length and the channel dimensions are L = 15 

/lm and Z = 70 /lm. The source-to-drain voltage is constant at -1.5 V 

throughout the measurement. 

The stored charge is sensed (READ) by monitoring the drain current using a small 

source-to-drain voltage. The source and gate are grounded during this operation. Stored 
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and un stored charge states are indicated by low and high drain current values, 

respectively. During the storage phase, no external voltages are required to maintain 

stored charge. 

The basic function of this JFET memory element is independent of interchanging 

n- and p- type doping within the structure. Some performance advantage can be realized, 

however, by sensing with an n-channel device. Since electron mobilities in the III-V 

compounds are much larger than for holes, an increased sensitivity to stored charge, i.e. 

an increased change in drain current, can be realized by a npn JFET memory structure. 

Figure 4.5 shows a cross section of a npn memory element which is roughly a mirror 

image of the pnp device shown in Fig. 4.3. The two n-type layers are not doped at the 

same level. 

The structure shown in Fig. 4.5 was grown by MBE on a semi-insulating [100] 

GaAs substrate in a Varian GEN-II reactor. Fabrication of the device followed the 

procedures described in Chapter 2. 

Device operation for the npn JFET at 300 K is illustrated in Fig. 4.6, which shows 

the drain current as a function of time for a device comparable in size to the p-channel 

result shown earlier in Fig. 4.4. A 250 ms gate-to-source WRITE pulse of -5 V is first 

applied, followed by a charge decay period and a similar pulse of opposite polarity. The 

drain-to-source voltage is kept constant at + 1.0 V throughout the measurement. During 

the negative pulse, the bottom p-n junction reverse-biases, pinching off the drain current. 

In contrast, during the positive pulse the bottom junction forward-biases, increasing the 

drain current somewhat. Immediately following either pulse a redistribution of charge 

occurs, as described in Section 4.1, which results in both junctions becoming reverse

biased. This configuration represents the stored charge state which is sensed by 

monitoring the channel current. For the device shown in Fig. 4.6, the time constant for 

the drain current to recover from either WRITE pulse is around 10 s. 
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Drain current as a function of time for a npn JFET device shown in Fig. 

4.5. The WRITE pulse width is 250 ms. The storage cell mesa length is 8 

J.lm. The channel length and width dimensions are 15 J.lm and 70 J.lm, 

respectively. 
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Equilibrium or "unstored" state drain current levels for the n-channel devices 

exceed a milliamp, with incremental changes associated with stored charge ranging 

between 0.25 to 0.75 rnA. An increased change in drain current from the un stored state 

occurs for the +5 V "write" pulse operation compared to the -5 V pulse, since the more 

heavily doped n-region results in larger reverse-biased capacitance, hence greater charge, 

for a given write voltage. In both cases, however, the incremental changes in drain 

current are a factor of about 2 to 5 larger than corresponding values observed in the 

earlier pnp devices due to larger electron mobilities. 

Another demonstration of an npn JFET device is shown in Fig. 4.7. This 

particular device has a channel length and width of 8 Ilm and 15 Ilm, respectively (Fig. 

2.6). The source/drain contacts are located a distance of 1 Ilm from the storage cell mesa 

edge. The drain bias is 0.5 V and the source is at ground throughout the measurement. 

Figure 4.7 Drain current as a function of time for a npn JFET device shown in Fig. 

4.5. The storage cell mesa length is 6 Ilm. The channel length and width 

dimensions are 81lm and 15 Ilm, respectively. 
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The time constant for this device is around 2 s, which is somewhat smaller than the large 

n-channel device shown in Fig. 4.6. This may be due to enhanced surface generation 

effects. An investigation of storage time characteristics is given in Section's 4.4 and 4.5. 

4.3 Non disturb characteristics of JFET memory element 

Voltage applied to the gate during the storage phase can potentially disturb the 

memory state of the device. This possibility was investigated using the pnp JFET 

memory element described in Fig. 4.3. First, an attempt to disturb the stored charge or 

logic" 1" state was examined. The results are shown in Fig. 4.8 which plots drain current 

versus time at 300 K. The top graph corresponds to a +5 V write sequence in which 

additional gate pulses of -2 V and -3 V are applied during the storage phase. The bottom 

graph corresponds to a -5 V write sequence where gate pulses of +2 V and +3 V are 

applied. The source current was also measured during the write disturb pulse, and was 

nearly identical (within measurement accuracy) with the drain current data. It is evident 

from the drain current response that no additional majority carrier electrons are removed 

from the floating p-type base layer, but rather the existing space-charge regions are 

modulated as a result of the gate pulses applied during the storage phase. In order to 

change the stored charge, the perturbation voltage must exceed the voltage of the floating 

layer, otherwise no forward bias can exist. These results indicate the inherent difficulty 

in erasing stored charge which is described in more detail in Section 4.9. 

In contrast, disturbing the "0" state is easier since any perturbation larger than the 

drain bias voltage will forward-bias a junction. For array design, this creates potential 

addressing problems. 

In addition, the applied drain voltage employed for reading the device can 

potentially reduce the storage time ("read disturb"). This possibility was examined by 
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30 

Drain versus time for pnp JFET device showing nondisturb effect when 

charge is stored on the reverse-biased junctions. 

measuring storage times as a function of drain bias. Figure 4.9 shows the effect on 

storage times of continuously applied drain voltage during the READ operation for a pnp 

device described earlier. The room temperature results shown in Fig. 4.9 indicate that 

drain biases VDS = ± 1.5 V reduce charge retention times from 10 to 7 seconds, with 

minimal effect occurring for drain biases less than VDS = ± 0.5 V. 

The results shown here demonstrate the nondisturb read capabilities of the JFET 

memory element, which is critical to a nonvolatile memory element. Moreover, this 

basic characteristic (nondisturb read) of the integrated JFET storage element implies that 

overall system cycle times can be reduced since refresh after every read operation is 

eliminated. 
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Effect of applied drain voltage on storage time for the P-i-N-i-P JFET 

shown in Fig. 4.3. The WRITE sequence applied for each storage time 

measurement was VGS = -5 V for 250 ms. The storage cell mesa is 7 11m 

in length and the channel dimensions are L = 15 11m and Z = 70 11m. 

4.4 Comparison of storage times with homojunction capacitors 

Storage time measurements as a function of temperature were performed on a pnp 

JFET memory element type shown in Fig. 4.3. The device fabrication procedure and 

electrical test method followed the description given in Chapter 2. Figure 4.10 shows the 

retention time (lie value) versus inverse temperature. 

An exponential fit to the measured data given in Fig. 4.10 indicates an activation 

energy of 0.67 eV. This value is somewhat lower than the activation energy result for 

pnp capacitors given in Chapter 3, however, the epilayers for the JFET device are doped 

slightly lower than the capacitor structures, most likely contributing to the observed 
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difference. Moreover, the effect of multi-level etching enhances surface effects which 

reduce storage time characteristics [29]. Although the activation energy is somewhat 

different than the pnp capacitor value, it is within the range of reported energy levels for 

deep-level defects in GaAs semiconductors [69, 70]. 
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Figure 4.10 Storage time as a function of inverse temperature for the p-n-p FET shown 

in Fig. 4.3. The channel length and width for this device are 80 J..I.m and 

100 J..I.m, respectively. The drain voltage was constant at Vns = -1.5 V 

throughout the measurement. 

To investigate the storage time characteristics further, a pnp JFET memory 

element was fabricated having identical epilayers as the pnp capacitor structure shown in 

Chapter 3 (Fig. 3.5) with the exception of the semi-insulating substrate. Figure 4.11 

shows the cross-section of the pnp JFET memory element. 
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The pnp structure shown in Fig. 4.11 was grown by MBE on a semi-insulating 

[100] GaAs substrate in a Varian GEN-II reactor. Fabrication of the device followed the 

procedures described in Chapter 2. The electrical test procedure followed the description 

given in Chapter 2. 

p+ 1x1018 GaAs 150 nm 

P 2x1017 GaAs 250 nm 

(U) GaAs 30 nm Vo 

Jmm n+ 1x1018 GaAs 210 nm 
_{UlliaAS 30 nm 

P 2x1017 GaAs 250 nm 

(U) GaAs 400nm 

Semi-Insulating GaAs Substrate 

Figure 4.11 Cross-section of pnp JFET memory element. The epilayers are identical 

to the pnp capacitor structure given in Fig. 3.5. 

Figure 4.12 shows the measured stored time (lIe) versus inverse temperature for 

the pnp JFET device given in Fig. 4.11. For comparison, the measured capacitor storage 

times (Fig. 3.9) are included. As shown in Fig. 4.12, storage times for the pnp JFET 

memory element are nearly identical to the edge-dominated pnp homojunction capacitor 

(PIA = 0.12 J..lm-1), and consequently the activation energy for the transistor element is 

similar to that of the capacitor (0.73 e V). 
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Figure 4.12 Storage time versus inverse temperature for pnp JFET element given in 

Fig. 4.11. The pnp JFET element has a channel length and width 

dimension of 15 ~m and 70 ~m, respectively. The applied drain voltage is 

-0.1 V throughout the measurement and the write pulse applied to the gate 

is V GS = +5 V for 10 ~s. Shown for comparison purposes are results for 

the pnp homojunction capacitors. 

A similar experiment was performed for the npn-type JFET transistors. A 

structure having identical epilayers as the npn capacitor given in Chapter 3 (Fig. 3.6), was 

grown by MBE on a semi-insulating [100] GaAs substrate in a Varian GEN-I1 reactor. 

Figure 4.13 shows a cross-section of the npn element with symmetrically doped 

epilayers. Fabrication of the device followed the procedures described earlier. The 

electrical test methods followed the description given in Chapter 2. 
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n+ 1x1018 GaAs 150 nm 

n 2x1017 GaAs 250 nm 
Vs Cut GaAs 30 nm 

• p+ 1x1018 GaAs 210 nm 
(u) GaAs 30 nm 

n 2x1017 GaAs 250 nm 

(u) GaAs 400nm 

Semi-Insulating GaAs Substrate 

Figure 4.13 Cross-section of npn JFET memory element. The epilayers are identical 

to the npn capacitor structure given in Fig. 3.6. 

The measured storage time (lIe) versus inverse temperature for the npn JFET 

device given in Fig. 4.13 are shown in Fig. 4.14. The measured data shown in Fig. 4.14 

indicate that n-channel JFET devices have reduced storage times compared to npn 

capacitors with similar PIA ratios. In addition, the measured activation energies for npn 

JFET devices were somewhat different than the capacitors. 

A recent study on the damage induced effects of e-beam metallization in GaAs 

indicates that e-beam evaporation degrades bulk generation lifetimes [38]. This may 

explain the difference in storage times of npn JFET transistor elements compared to npn 

capacitors shown in Fig. 4.14. 
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3.6 4.0 

Figure 4.14 Storage time versus inverse temperature for npn JFET element given in 

Fig. 4.13. Shown for comparison purposes are the npn homojunction 

capacitor results. 

To investigate this effect further, npn JFET devices with an epilayer cross-section 

given in Fig. 4.5 were fabricated with different spacing of channel ohmic contact to 

storage cell mesa. Storage times at room temperature were measured using a write pulse 

of Vas = +5 V for 250 ms. The drain voltage was +0.5 V throughout the measurement. 

Figure 4.15 shows the storage time (lie) versus ohmic contact spacing for the npn JFET 

device given in Fig. 4.5. The results shown in Fig. 4.15 indicate that storage times 

increase as the spacing between the contact metal and the storage cell mesa increase. 

Although this result is not conclusive (i.e., generation lifetimes shorten because of e-
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beam damage) , the results shown in Fig. 4.15 are consistent with the earlier experiments 

[38]. 
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Figure 4.15 Room temperature storage time versus spacing (Lp) between ohmic 

contact and storage cell mesa for npn JFET device given in Fig. 4.5. The 

mesa width (L) is 10 Jlm. A +5 V, 250 ms gate-to-source pulse was used 

for writing. The drain voltage was +0.5 V constant throughout the 

measurement. 

A summary of the measured activation energies for the npn and pnp JFET 

transistor devices with different channel dimensions are given in Table 4.1. 
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FET Memory Cell 

Type Channel Channel Activation PIA 

Length Width Energy ratio 

(J.tm) (/.lm) (eV) (/.lm)-l 

PNP 15 70 0.76 0.08 

NPN 13 100 0.66 0.06 

33 100 0.68 0.05 

53 100 1.04 0.04 

Table 4.1 Measured activation energies for pnp and npn JFET devices. The device 

dimensions are also given. 

4.5 Scaling issues 

4.5.1 Increased sensitivity to stored charge 

One reason for merging a transistor with a storage capacitor is to improve the 

sensitivity to charge stored relative to that of a simple capacitor. The minimum number 

of charges, which specifies a minimum cell size, can therefore be reduced. This concept 

is discussed in more detail as follows. 

A schematic, shown in Fig. 4.16 depicts a JFET memory cell connected to its 

bitline capacitor, CB. The sampling time is .1t, during which the bit line charges. In order 

to distinguish a "high" or "low" state, a sensing circuit must measure the voltage 

difference as 
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L1V = ~: L1t , (4.1) 

where AID is the difference in channel current for stored and un stored states. The 

difference in channel current can be related to the stored charge A<Js by [61] 

(4.2) 

Bitline 

Figure 4.16 Circuit diagram of JFET memory cell connected to bitline. 

where gm is the dc transconductance (AN), and Cs is the capacitance. Substituting and 

rearranging results in 

(4.3) 
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If the memory cell consists of a single capacitor which discharges quickly 

compared to the time constant of the bitline, then 

(4.4) 

Setting ~ V equal to the sensing detectabli1ity limit, assumed the same for both memories, 

the amount of stored charge on the transistor, ~QJFET, is related to the stored charge on a 

simple capacitor by 

LlQjFEF = (i~) LlQcap 
Llt 

_ 'rgate AQ 
- Ll cap , 

Llt 
(4.5) 

where 'tgate is the transit time of the gate, and ~Qcap is the charge on a simple capacitor. 

If 'tgate « ~t, then the JFET memory cell is more sensitive to stored charge than a single 

capacitor. Since ~t is of order the bitline time constant, this condition is realistic. Based 

on this argument, the effective size of the storage capacitor can be reduced by the ratio of 

~t/'tgate· 

4.5.2 Perimeter dependence on storage times 

Storage times are also affected by the scaling of the channel, which effectively 

scales the capacitor stacked above the channel. This effect was examined for n-channel 

devices with the epilayer cross-section given in Fig. 4.5. Table 4.2 shows the device 

dimensions and the corresponding measured lie storage times at room temperature. For 

this measurement, the source is grounded and the drain voltage is +0.5 V throughout the 

measurement. A +5 V, 250 ms gate-to-source write pulse is applied during the WRITE 
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sequence. The gate is grounded during the READ sequence. It is noted that both the mesa 

area and perimeter include the gate probe pad region in addition to the channel region. 

Channel 

Length 

(Ilm) 

7 
8 
9 

13 
23 
33 
43 
53 

Table 4.2 

Channel Mesa Mesa Mesa PIA Storage 

Width Length Area Perimeter ratio Time 

(Ilm) (Ilm) Olm)2 (Ilm) (Ilm)-l (s) 

100 5 3250 500 0.154 0.5 
100 5 3250 500 0.154 4.0 
100 6 3400 500 0.147 3.5 
100 10 4000 500 0.125 5.4 
100 20 5500 500 0.091 6.6 
100 30 7000 500 0.071 11.1 
100 40 8500 500 0.059 -
100 50 10000 500 0.050 17.7 

Dimensions of the npn JFET devices and the corresponding measured lIe 

storage times at room temperature for the structure given in Fig. 4.5. Also 

shown are the storage mesa perimeter-to-area ratios (PIA). 

As shown in Table 4.2, storage times decrease as the perimeter-to-area ratio 

increases due to enhanced surface effects. Figure 4.17 shows a plot of the measured 

storage times versus perimeter-to-area ratio for the n-channel JFET devices. 
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Figure 4.17 Room temperature storage time (lie) versus mesa perimeter-to-area (PIA) 

ratio for the npn FET given in Fig. 4.5. For this measurement, the source 

is grounded and the drain voltage is +O.5V throughout the measurement. 

A +5V, 250ms gate-to-source write pulse is applied during the WRITE 

sequence. The gate is grounded during the READ sequence. 

The data shown in Fig. 4.17 shows the perimeter effects on storage times. In the 

next section models are described that relate stored charge to drain current. 

4.6 Models for relationship of stored charge to channel current 

Important to the design of the sense channel is the relationship of channel current 

to stored charge on the floating gate. In this section, a constant depletion width model is 
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developed that relates channel current to stored charge, doping levels, and device 

geometry. The model is then generalized to include a gradually varying depletion width. 

Finally, the impact of a fixed resistance in the sensing channel is analyzed. 

4.6.1 Linear resistor model with constant depletion width 

Consider a np+n JFET memory element in which the channel is n-type and the 

floating epilayer is p-type. A cross section of the channel is given in Fig. 4.18. Stored 

charge density residing on the lower p+n channel junction modulates the active region of 

length L. A fixed, unmodulated channel region of length Lp also exists. The thickness of 

the channel epilayer is given as tepi and the depletion region width within the channel is 

assumed constant (Wnv) over the region 0 ~ x ~ L. For this analysis, the source is at 

ground, and the drain terminal has an applied voltage Vo. 

To derive the relationship of drain current to stored charge density residing on the 

bottom junction, the contribution of the fixed channel resistance is neglected initially and 

only the active region beneath the floating gate is examined. The effect of the fixed 

channel region is considered later. The expression for drain current, assuming a constant 

depletion width, is given as 

(4.6) 

where 100 is the drain current at equilibrium corresponding to the equilibrium depletion 

width W no, No is the channel doping (cm-3), and IJn is the low field mobility for electrons 

(cm2Ns). When charge is stored on the channel junction, the depletion width expands 

and the corresponding drain current changes to 
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Stored charge 

Lp L 

X 

tepi 
n· channel 

y 

Figure 4.18 Cross section of charge sense channel for the case of constant depletion 

width independent of the voltage applied to the channel. The charge 

storage region is denoted as Wnv - W no . The doping of the n-type channel 

is constant at ND cm-3. 

(4.7) 

where IDv is the drain current corresponding to the depletion width W nv' Expressed as a 

fractional change (MDIID,), Eq. 4.6 and 4.7 can be combined yielding 

MD = IDa -IDv = Wn" - Wno 
IDo IDo tepi - Wno 

(4.8) 

The stored charge number density for the bottom channel junction is given by cr n2 = 

ND(Wnv - Wno ) so that, 

O"n2 

MD _ ND 
IDo - tepi - Wno 

(4.9) 



92 

Plots of .MDIIDo versus O'n2 are shown in Fig. 4.19 for different channel epilayer 

thicknesses. The doping level of the channel is ND = 1 x 1017cm-3 and the floating p

type epilayer is NA = 1 x 1018 cm-3. As shown in Fig. 4.19, a rather sharp increase in 

change in .MDIIDo occurs as the channel approaches full depletion, i.e., dIDIIDo = 1.0. To 

produce a significant change in dIDIIDo> O'n2 must be ~ 1011 cm-2• 

Stored charge density (fC//lm2) 

1.0 
0.1 1.0 10.0 

No = 1 x 1 017 cm-3 

0.8 
tapl = 200 nm 

0 0.6 250 nm 
_0 -_0 300 nm 
<:l 0.4 

0.2 

0.0 
1010 1011 1012 1013 

Stored charge number density an (cm-2) 

Figure 4.19 Fractional change in drain current (dIDIIDo) versus stored charge number 

density (O'n2). The plot shows results for three channel epi-Iayer 

thicknesses. The doping levels of the channel and floating p-type epilayer 

are ND = 1 x 1017cm-3 and NA = 1 x 1018 cm-3, respectively. 

4.6.2 Gradually varying depletion width model 

The effect of drain voltage on the dIDIIDo analysis is examined in this section. 

The Shockley model [73] is employed, where a gradually varying potential exists within 
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the JFET channel over the distance 0 :s; x :s; L, as shown in Fig. 4.20. Stored charge 

results in a voltage, V f, on the junctions which expands the depletion region within the 

channel by ~ W n' Again, the fixed resistance contributions are neglected. 

Stored charge 

y 

Figure 4.20 Cross section of charge sense channel showing the effect of a varying 

depletion width due to a gradually varying channel voltage. The charge 

storage region is denoted as ~ Wn• The doping in the channel is uniform. 

For details of the gradual channel model, see Appendix B. The relevant results 

are shown in Fig. 4.21 where MolIoo versus O'n2 is plotted for several values of drain 

voltages Vo. For Vo :s; 0.1 mY, there is essential agreement with the constant depletion 

width model of Section 4.6.1. As the drain voltage increases, the "knee" moves to lower 

O'n2, but the shape remains about the same. For voltages beyond saturation for the JFET, 

there are no further changes in the MolIoo curves. 

Since there are no major effects of V 0, the constant depletion width model is used 

in all further analyses. 
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Figure 4.21 Fractional change in drain current (Mo/IDcJ versus stored charge number 

density (O'n2) using a gradual channel approximation. The doping levels of 

the channel and floating p-type epilayer are ND = 1 x 1017cm-3 and NA = 1 

x 1018 cm-3, respectively. The channel epi-Iayer thickness is 250 nm. The 

variation due to applied drain voltage is shown. 

4.6.3 Effect of fixed resistance on drain current sensitivity to stored charge 

Consider again the simple constant depletion width model shown in Fig. 4.18. The 

active region beneath the space charge region is a fraction of the total channel length, so 

that the total resistance, RT, has a fixed component, RF, as well as an active component, 

Ro. The fixed component, RF, is unmodulated by stored charge whereas Ro is modulated. 

With no stored charge, channel current is given by 

ID = VDS 
o RF +Ro 

(4.10) 
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and MDIIDo becomes, 

(4.11) 

where 

a (4.12) 

For Rp = 0, Eq. 4.11 reduces to Eq. 4.9. Components of Rp include the ohmic contact 

resistance and the series resistance associated with the channel region, Lp. The total 

resistance can be written as 

(4.13) 

where Rc is the ohmic contact resistance (Q-mm) and Rp is the fixed sheet resistance 

(Wsquare). 

Values for fixed resistance were experimentally determined for typical devices 

using the transfer length method (TLM), originally proposed by Shockley [74]. For a 

good review of this measurement technique, see ref. [75]. A brief review is given in 

Appendix A. 

The TLM method was used on JFET structures with the gate mesa etched away. 

Figure. 4.22 shows a plot of the average measured resistance versus the number of 
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squares for n-channel and p-channel devices. Data shown in Fig. 4.22 are an average of 

measurements taken across the wafer. 
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Figure 4.22 Average measured resistance versus the number of squares for n- and p

channel TLM structures. The doping level for the n- and p-channel is No 

= 1 x 1017 cm-3, and NA = 2 x 1017 cm-3, respectively. 

The sheet resistance is obtained from the slope of a linear fit to the measured data, 

and the contact resistance is obtained by extrapolating to the y-axis. 

Typically, the contact resistance was much smaller than the channel resistance 

(Fig. 4.22) and is neglected in any subsequent analysis. The contribution of fixed 

resistance from ohmic contact resistance does become important, however, when the 

active channel length becomes short. 
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U sing the sheet resistance formula 

Rp = q f.1~B tF (Q/ sq.) , (4.14) 

where /-L is the majority carrier mobility, and NB is the channel doping, the effective epi

layer thickness, tp, of the fixed region can be calculated the from the sheet resistance data 

shown in Fig. 4.22. Table 4.3 summarizes these results. 

Table 4.3 

ITEM n-channel p-channel 

Sheet resistance (Q/sq.) Rp = 1400 Rp = 7178 

Mobility (cm2Ns) /-Ln = 5000 /-Lp = 300 

Doping level (cm-3) ND = 1 x 1017 NA = 2 x 1017 

Effective thickness (nm) tp = 90 tp = 145 

Effective thickness of fixed channel region extracted from sheet resistance 

measurements for n- and p-channel devices. 

Values of tp are significantly smaller than the actual epi layer (250 nm) due to (1) 

over-etching during our gate mesa definition and (2) depletion within the channel that 

results from surface pinning of the Fermi level. Assuming mid-gap pinning, depletion 

widths of 100 nm and 72 nm are found for the nand p channel, respectively, accounting 

for most of the difference between tp and the epilayer thickness. 

The effect of fixed series resistance on charge sensing capability can now be 

calculated. Neglecting the contact resistance, the fixed resistance can be approximated by 
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(4.15) 

The parameter a (EqA.12) is then given by 

2r 

a = tF 
2r 1 ' - + .,...-----"-:-:--:-
tF (tepi - Wno ) 

(4.16) 

where 'Y is defined as 'Y = Lp/L. Substituting the above into Eq. 4.11 results in 

As expected, when 'Y is zero, the above equation reduces to Eq. 4.9. Figure 4.23 shows a 

plot of .Mo/loo versus stored charge number density for a n-channel using different values 

of 'Y. The channel epilayer thickness is 250 nm and the channel doping is uniform at ND 

= 1 x 1017 cm-3. The values for tp and Wno are 90 nm and 134 nm, respectively. As the 

ratio of LpIL increases, the sensitivity of LlIo/loo to stored charge density decreases. In 

the limiting case where 'Y is very large, minimal change of drain current ratio occurs prior 

to full channel depletion. 

The effect of y on charge sensing capability was investigated experimentally using 

the npn JFET device cross section shown in Fig. 4.5, by incorporating this parameter into 

the mask set design. Again, the structure was grown by MBE on a semi-insulating [100] 

GaAs substrate in a Varian GEN-ll reactor, and fabrication of the device followed the wet 
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Figure 4.23 Fractional change in drain current versus stored charge density. The 

family of curves show the effect of increasing fixed resistance as 

compared to active channel length by increasing the ratio Lp / L. The 

channel thickness is 250 nm and the doping is uniform at ND = 1 x 1017 

etching and ohmic contact procedures described in Chapter 2. 

In the first experiment, the active channel region L was fixed at 10 ~m and the 

length Lp was varied from 1.5 ~m to 20 ~m. Figure 4.24 shows the results of measured 

drain current signal versus time. The continuously applied drain voltage was +0.5V and 

the write pulse Vas was +5 V for 250 ms. The source was grounded throughout the 

measurement. As shown in Fig. 4.24, as y increases, the initial change in drain current 

signal dID, decreases significantly. In addition to decreased signal sensitivity to stored 
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charge, the time constant decreases slightly as the contacts become closer to the active 

region. This, however, may be an effect of e-beam induced damage [38]. 
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Figure 4.24 Drain current as a function of time for npn FET device given in Fig. 4.5 

for various spacing between channel ohmic contact and storage cell mesa. 

The active channel length is 10 ~m. The drain voltage was kept constant 

at 0.5 V throughout the measurement. The WRITE pulse was +5 V for 250 

ms. 

In the second experiment, the channel region Lp was fixed at 1.5 ~m and the 

active channel region L was varied from 50 ~m to 5 ~m. The bias and write pulse 

conditions were the same as given above. Figure 4.25 shows the measured .MDllo versus 

the ratio Lp/L. Using a linear approximation to data in Fig. 4.25, one can estimate the 

amount of charge density stored on the bottom junction. For a 70 percent initial change 
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in drain current, the stored charge density, 0' n2, residing on the bottom junction is 

approximately 7 x 1011 cm-2• 
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Figure 4.25 Initial change in drain current (~ID/lDcJ versus channel length ratio Lp/L 

for the npn JFET given in Fig. 4.5. The source was grounded and the 

drain voltage was +0.5 V throughout the measurements. The write pulse 

is Vcs = +5 V for 250 ms. 

4.7 Connection of stored charge and channel current to WRITE voltage 

In the foregoing analysis, the drain current parameter, MD/lDo. was related to 

charge stored on the bottom junction. For a complete device description, stored charge is 

now related to the write voltage. 
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4.7.1 Distribution of applied write voltage 

The energy band diagram for a negative WRITE voltage applied to the gate of an 

npn device with respect to the channel is given in Fig. 4.26. During the WRITE sequence, 

majority carrier holes are removed from the p-type epi-Iayer through the forward biased 

junction. This action causes the p-type layer to develop a negative potential, and as a 

result, more of the write voltage appears across the bottom reverse-biased channel 

junction. The charging current eventually drops to the reverse saturation current level of 

the bottom junction. 

For practical GaAs diodes, reverse currents are dominated by thermal generation 

current, which increases with voltage. Consequently, the fraction of write voltage 

appearing across the reverse-biased junction at steady state decreases somewhat with 

increasing applied voltages. 

p 
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n 

Figure 4.26 Energy band diagram for npn structure during WRITE operation. 
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The main objective of the write operation is the removal of holes from the base 

region (p-epilayer). Initially, the rate of hole removal is greater than the thermally 

generated holes due to the voltage drop across the reverse-biased junction. The net result 

of this process is that the depletion layer widens and, as a consequence, the p-layer 

charges more negatively. After transients, a steady-state current level is reached which is 

determined by the voltage across the reverse-biased junction. This current level, in turn, 

determines the forward voltage drop across the forward-biased junction. 

For maximum write voltage to appear across the reverse-biased junction during 

the WRITE operation, very low reverse-leakage diodes are necessary. Minimizing leakage 

current also increases the storage time as described in Chapter 3, since the principal 

mechanism of leakage and charge decay is the same. 

During the write sequence, the charging rate for hole removal from the npn 

memory structure shown in Fig. 4.26 is given by 

- dO;, = 1 (J 1 + J ) dt q 2 , (4.18) 

where crh is the density of holes (cm-2) in the p-type epilayer: 11 and J2 are the diode 

current densities associated with the top and bottom junction, respectively. The forward 

biased diode current is described by the usual expression as [60] 

(4.19) 

where Jof and n are fitting factors to account for minority carrier recombination processes. 

The reverse-bias diode current is given by [60] 
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(w D - W D ) h := -q Ilj v 'lG 0 • (4.20) 

When the floating layer is fully charged, the term dcrh/dt given in Eq. 4.18 is zero. 

As a result, the diode currents are now equal, 

(4.21) 

The above expression can be used to estimate the voltage drop across the reverse

biased junction. Figure 4.27 shows the absolute value of current density ( IJ 1 I and IJ2 I) 

versus voltage. Parameters for the forward-biased diode are n = 2 and Jof = 5 x 10- 11 

A/cm2, which are typical experimental values [22]. The reverse generation current was 

calculated for generation lifetimes of 10 and 0.1 nsec. The depletion widths, WOv and 

Woo, are estimated using the abrupt junction formula with a doping level No = 1 x 1017 

cm-3 and nj = 1.8 x 10-6 cm-3• 

For practical write voltage levels, most of the write voltage will appear across the 

reverse-biased junction, as shown in Fig. 4.27. In our experiments, the reverse leakage 

current density level was typically on the order of 10-8 A/cm2, corresponding to a 

forward voltage drop of nearly 0.5V for a write voltage of +5V. 

4.7.2 Relationship of write voltage to stored charge on the channel junction 

Consider a npn JFET memory element with arbitrary doping levels N01•2 as shown 

in Fig. 4.28. For simplicity, the difference in built-in voltages for the top and bottom 

junctions is neglected and a uniform cross-section for the storage cell mesa is assumed. 

The write voltage pulse V~ applied to the control gate is shown in Fig. 4.28. The 

superscript ± differentiates between positive and negative gate-to-source polarities, which 
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corresponds to reverse-biasing the top and bottom junction, respectively. For the moment 

assume that the write voltage appears entirely across the reverse-biased junction during 

the WRITE operation. 
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Figure 4.27 Estimate. of forward and reverse current density verse voltage for GaAs 

abrupt junctions. 

The charge density of ionized acceptor atoms, a/, (cm-2) uncovered for a given 

applied write voltage, V~, is expressed as 

(4.22) 

Immediately following the WRITE pulse, the gate is grounded allowing charge to 

redistribute within the p-type floating epilayer. As a result, both junctions become 
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reverse-biased at a voltage level denoted Vf. This redistribution process is illustrated in 

Fig. 4.29. During application of the WRITE voltage, the junctions form a series 

connection. However, when the write pulse is removed, the junctions form a parallel 

configuration with a common reverse-biased voltage, V f, across each diode. 

Figure 4.28 Cross section of np+n structure showing arbitrary doping levels and 

applied voltage during WRITE sequence. 

Assuming charge conservation, the total acceptor charge density uncovered during 

the write sequence equals the donor charge density residing on both of the n-side space 

charge regions immediately following the WRITE operation. This is expressed as 

(4.23) 

where 

(4.24) 
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Figure 4.29 Circuit diagrams for WRITE/STORE sequence for a negative applied gate

to-channel pulse to npn JFET memory element. 

Substituting the values for O'nl. 0'n2, and 0'/ given in Eq. 4.22, and 4.24, respectively, into 

Eq. 4.23, the voltage, V f, can be solved yielding 

(4.25) 

where f3 ± is defined as 

(4.26) 

Knowing V f, junction theory formula can be used to find the expanded depletion 

width and resulting change in channel current. In the next section, this analysis is 

compared with experimental data. 
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4.8 Comparison of calculated stored charge density to measured results 

Using Eq. 4.22 through Eq. 4.26 combined with Eq. 4.11, ~ID/Io can be calculated 

for a given Vw and compared to experiment. For this comparison, an npn JFET device 

with doping levels and epilayer thicknesses given in Fig. 4.5 was examined. Figure 4.30 

shows the measured room temperature drain current response to gate-to-source pulses of 

+5V and -5V each for a 250ms duration. The drain voltage applied throughout the 

measurement was +0.5V. For this comparison we assume that 10 percent of the write 

voltage appears across the forward-biased junction during the write sequence, as 

suggested by the data in Sec. 4.7.1. Table 4.4 lists the results for the n-channel device 

given in Fig. 4.30. Comparison of the experimental and calculated ~IDIIo given in Table 

4.4 shows reasonable agreement. 

0.0 &........ ......... ..o..-L--a.. ___ "-'-.......................... ___ .......... ....L-.s. _____ &........ .................. 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
Time (s) 

Figure 4.30 Drain current as a function of time for npn JFET device shown in Fig. 4.5 

The channel length and width are 53 J.lm and 100 J.lm, respectively. The 

source-to-drain voltage is +0.5 V throughout the measurement. 
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ITEM WRITE SEQUENCE 

Negative Polarity Positive Polarity 

Measured 

Applied Write Voltage (Vos) -5 V +5V 

Equilibrium drain current (10) 0.9 rnA 0.9 rnA 

Stored charge drain current (Iv) 0.625 rnA 0.275 rnA 

Change in drain current (Mollo) 0.3 0.7 

Calculated 

Voltage across junction (V w) -4.5 V +4.5 V 

Top epilayer doping (No l ) 3 x 1017 cm-3 3 x 1017 cm-3 

Channel epilayer doping (ND2) 1 x 1017 cm-3 1 x 1017 cm-3 

Doping parameter ({3 ± ) 0.39 0.61 

Initial voltage at storage (V f) 1.36 V 2.4 V 

Bottom charge density (am) 5.6 x 1011 cm-2 8.9 x 1011 cm-2 

Total charge (0'01 + O'm) 1.5 x 1012 cm-2 2.3 x 1012 cm-2 

Ratio of charge O'n:J(O'm + O'm) 0.37 0.39 

Change in drain current (Mollo) 0.4 0.7 

Table 4.4 Summary of the drain current signal and calculated stored charge densities 

and stored voltage for the n-channel device shown in Fig. 4.5. The value 

of a (Eq. 4.11) for the n-channel device is estimated at 0.2. 
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4.9 The problem of electrical erase 

For our homojunction memory elements, removing stored charge consists of 

replenishing the floating layer or layers with majority carriers. While it is always 

possible to erase these devices with a sufficient amount of bandgap light, electrical 

erasure is the more practical technique. Consequently, only electrical erasure techniques 

are considered. 

Experiments have shown that erasing a multi-layered structure such as our GaAs 

JFET memory cell is difficult (compare Fig. 4.8), impacting the actual device design. For 

example, junction breakdown is not generally effective as an erase mechanism [76]. The 

avalanche problem is addressed first. Next, a pnp storage cell is shown in which erasure 

is accomplished using a contact to the normally floating storage layer. A modified 

memory cell follows, which incorporates a forward biased p-n junction to accomplish 

erasure. This design is then used without base contacts as a thyristor/JFET memory cell 

in which erasure is accomplished by forward breakover. 

4.9.1 Erasure using avalanche breakdown 

Consider again the pnp memory element shown in Fig. 4.3. To erase stored 

charge, electrons must be supplied to the n-type layer. In principle, this can be 

accomplished using avalanche breakdown, however, for complete erasure, the carrier 

lifetime must be short compared to the fall time of the erase pulse [76, 77]. An energy 

band diagram of the pnp memory cell is given in Fig. 4.31 for a positive erase voltage 

applied to the gate. The bottom channel junction is in an avalanche state, while the top 

junction is forward-biased. 

When breakdown occurs, a large current of both electrons and holes is generated, 

which neutralizes stored charge. However, if the falling edge of the applied erase pulse is 
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Figure 4.31 Energy band diagram for pnp JFET device using avalanche breakdown. 

Electrons are replenished during the avalanche process. 

slow compared to the rate at which electrons are removed from the floating n-type layer, 

the device will be rewritten. 

Figure 4.32 demonstrates an erase attempt using avalanche breakdown on the 

earlier pnp device-type shown in Fig. 4.3. Initially the device is written with a write 

pulse of +5 V for 10 ~s. After storing charge, an erase pulse is applied (-12V) for 10 ~s, 

which induces breakdown. The fall time is on the order of 20 ns. As shown in Fig. 4.32, 

erasure is incomplete. 

To examine this in more detail, gate current-voltage curves were measured with 

the source and drain at ground. Figure 4.33 shows the near symmetric I-V curves at room 

temperature. The breakdown voltages are approximately ±11 V. The difficulty with 

erasing can be seen from this figure. If the fall time of the erase pulse is long compared 
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to carrier lifetimes, then the current follows the dc response shown in Fig. 4.33. The flat 

portion of the I-V curve corresponds to a write condition. 
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Figure 4.32 Drain current versus time for a pnp JFET memory cell showing erase 

attempt using avalanche breakdown. The source is at ground potential and 

the drain voltage is 0.1 V throughout the measurement. 

Although this effect has been demonstrated on a related silicon device [76], the 

problem is exacerbated in GaAs due to much shorter lifetimes. For GaAs, the erase pulse 

fall time must be less than the order of nanoseconds, which is typical for carrier lifetimes 

in this material [78, 79]. 

4.9.2 Erasure with contact to the normally floating epilayer 

One way of obtaining complete erasure is to provide a source of majority carriers 

through a contact to the normally floating epilayer. During the storage phase, however, 
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the base contact must float to ensure that missing carriers are replenished only via thermal 

generation. 
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Figure 4.33 Gate current versus gate voltage for the pnp JFET memory device given in 

Fig. 4.5. The source and drain are at ground potential throughout the 

measurement. 

To demonstrate this, a pnp JFET device was fabricated using epilayer material 

grown by MBE. Figure 4.34 shows a cross section of the memory element. Fabrication 

followed the procedures described in Chapter 2. An additional etch and metal deposition 

step was included to provide contact to the floating n-type epilayer. The ohmic metal 

contact was n-type (Gel Au/Nil Au) using the recipe described earlier. 

Figure 4.35 displays the drain current response during a WRITE, READ and ERASE 

sequence. In order to demonstrate operation, the storage layer contact (VB), which is 

called the base terminal, is used to both write and erase the memory cell. The gate and 
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source terminals are held at ground potential throughout the entire charge transfer. 

Initially, a drain bias of V D S = -1.5 V determines the channel current of -120 llA 

corresponding to the unstored charge state. When a +5 V, 250 ms WRITE pulse is applied 

to the base terminal, electrons flow out of the n-type epilayer, reverse-biasing both the top 

and bottom junctions. Subsequently, during the READ operation, the base terminal is 

floated by electrically disabling the terminal from ground potential. Replenishing 

electrons to the n-type epilayer (ERASE) is accomplished by enabling the base terminal to 

ground. 

We note that writing can also be accomplished, as described earlier, by applying a 

voltage to the gate while floating VB. In that case only one junction is reverse biased 

during the write pulse and charge redistribution occurs following the pulse. In contrast, a 

write voltage applied at VB reverse biases both junctions, increasing the amount of stored 

charge for a given Vw. This is shown in Fig.'s 4.35 and 4.4 (compare LUD data 

immediately following the write sequence). 

Although this device demonstrates READ, WRITE, and ERASE functions, contact to 

the storage layer produces leakage and loss of stored charge. The added base terminal 

requires isolation from the storage layer during the storage phase. It has been shown that 

isolation with GaAs MESFET or JFET transistors results in a dramatic reduction of 

storage times due to leakage of the access transistor [24]. 

4.9.3 Erasure using an additional junction 

A third erasure technique employs an additional pn junction which, when the 

junction is forward-biased supplies majority carriers to the floating layer [32]. Consider 

the energy band diagram given in Fig. 4.36 which shows a modified pnp JFET memory 

structure with an additional n-type epilayer on the top. Contacts are provided to the top 
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Figure 4.35 Drain current versus time for pnp JFET memory element shown in Fig. 

4.34. 
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p-n junction, along with normal contact to the bottom p-type channel. Only one layer (n

type) is floating as in the earlier pnp device. 

The top three layers form a bipolar npn transistor, in which the floating collector 

serves as the storage layer. A similar bipolar accessed memory cell was described by 

Stellwag et al. [33]. Our device integrates this bipolar access transistor with the JFET 

sensing channel. 

As shown in Fig. 4.36, replenishing electrons to the floating n-type layer is 

accomplished by forward-biasing the top emitter-base junction. Electrons injected into 

the p-Iayer transport across the "base" region and are collected by the reversed-biased 

storage layer junction. 

To demonstrate this technique, a npnp JFET memory cell was grown by 

molecular beam epitaxy on a semi-insulating [100] GaAs substrate in a Varian GEN-II 

reactor system. A cross-section of the memory element is shown in Fig. 4.37. 

Fabrication followed the procedures described in Chapter 2. An additional etch and metal 

deposition step was included to provide contact to the p-type epilayer, which is defined as 

the base contact. The top contact to the n-type layer is defined as the emitter contact. 

Figure 4.38 displays the drain current response to a series of READ, WRITE, and 

ERASE sequences for one of our devices at room temperature. The top graph shows the 

drain current response, and the bottom graph shows the timing sequence for the emitter 

and base pulses (see Fig. 4.37). For this experiment, the source is at ground and the drain 

is biased at -0.1 V throughout. 

To store charge, the emitter initially goes high (+ 1 V). When the base terminal is 

pulsed with + 1.6 V (10 fls pulse width), electrons flow out of the collector layer through 

the forward-biased base-collector junction. The emitter-base junction is weakly forward-
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Figure 4.36 Energy band diagram of p-channel JFET memory cell in which an 

additional n-type epilayer is integrated with the pnp structure. 
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Figure 4.37 Cross section of npnp bipolar accessed JFET memory device. A circuit 

schematic of the memory cell is also shown. 
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Figure 4.38 Drain current versus time for the npn bipolar accessed memory cell in 

which WRITE ("I") and ERASE ("0") sequences are performed. The top 

graph shows the drain current response, and the bottom graph shows the 

timing sequence for the emitter and base pulses. 

biased during this pulse operation, however, negligible forward injecting current arises 

for Vbe = +0.6 V. This sequence constitutes a WRITE ("I") operation. The READ operation 

is performed in the usual manner, where a voltage is applied to the drain terminal and the 

channel current is sensed. The base terminal is at ground during the READ operation and 

the emitter can either be high or at ground. 
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To erase the cell ("0"), the emitter initially goes low (ground) and the base 

terminal is again pulsed with a positive voltage (+ 1.6 V, 10 Ils). In this case the base-

emitter junction is strongly forward-biased (V be = + 1.6 V) which effectively allows 

injected electrons to neutralize charge stored on the floating collector. This sequence 

constitutes an ERASE operation. 

As shown in Fig. 4.38, following the erase sequence, the drain current is 

somewhat higher than the equilibrium unstored charge condition. This is due to excess 

electrons at the floating collector, which reduces the channel junction depletion width. 

Channel current, however, is above the logic "0" level so that detection levels for stored 

and un stored states are unchanged. 

4.9.4 Two terminal erasure using thyristor action 

The four layer structure, described above, can also be operated as a thyristor in 

which erasure is accomplished using forward breakover. One advantage of this technique 

is the elimination of the base contact, however, the amount of stored charge residing on 

the bottom channel junction is reduced somewhat for a given write voltage. The 

following is a discussion on the operation of the thyristor/JFET memory cell. 

The thyristor memory cell cross section is shown in Fig. 4.39. The n-p-n-p 

storage element is vertically integrated with the p-Iayer charge sense channel. The upper 

p-Iayer has a doping and thickness that prevents punch through over an applied gate-to

source voltage range of ±1O V. 

Figure 4.40 illustrates the WRITE/STORE sequence for the npnp thyristor memory 

cell. A positive gate-to-source voltage of less than the breakdown value is applied to 

program a logic ONE (WRITE). In this reverse-biased configuration for the thyristor, the 

middle p-n junction (Fig. 4.40) is forward-biased. and majority carriers deplete from the 

floating p- and n-epi layers. During the WRITE sequence, three junctions are in series 
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with one another. Most of the write voltage distributes across the top and bottom reverse-

biased junctions. 

STORAGE CELL 
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Figure 4.39 Cross-sectional view of the npnp thyristor/JFET memory device. The 

vertical npnp thyristor stores charge and the later p-channel senses charge. 

A circuit schematic for this memory cell is also shown. 

Immediately following the WRITE pulse, carriers redistribute such that all 

junctions become reverse-biased, establishing the charged state of the device. The 

voltage drop across the middle junction is the sum of the top and bottom junction 

voltages (V 2 = V 1 + V 3), as shown in Fig. 4.40. 
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Reading is accomplished by monitoring the JFET drain current using a small 

drain voltage. The source and gate are grounded during this operation. Stored and 

un stored charge states are represented by low and high drain current values, respectively, 
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Figure 4.40 Circuit diagram of WRITE/STORE sequence for thyristor memory cell. The 

reverse voltages appearing across the diodes during the storage phase are 

shown. 

which are sensed without disturbing the depletion regions. For optimum charge sensing, 

V3 should be maximized. In contrast to the three layer p-n-p device where the reverse 

storage voltage can be nearly equal to Vw, V3 will maximize at about Vw/2. 

To ERASE stored charge, a negative gate-to-source voltage greater than the 

forward breakover voltage is applied. Figure 4.41 shows the transition of the energy 

band diagram during breakover for a npnp thyristor. During application of the erase 
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pulse, the middle junction increases in reverse-bias voltage until switching occurs. 

Electrons and holes are then available to neutralize stored charge, as in the case of the 

earlier three layer structure. In contrast to our earlier three layer devices, the thyristor 

remains switched to very low voltages. Both types of carriers are consequently in all 

layers, which prevents rewriting during the fall time. 

To demonstrate this effect, the epi-Iayers shown in Fig. 4.39 were grown by MBE 

on a semi-insulating [100] GaAs substrate in a Varian GEN-II reactor system. The 

devices were fabricated using the standard photolithography, wet chemical etching, and 

metal liftoff procedures described in Chapter 2. 

Figure 4.42 depicts the forward and reverse gate-to-source I-V characteristics at 

room temperature for the device structure shown in Fig. 4.39. For this measurement, the 

source and drain are at ground potential. The measured breakover and breakdown 

voltages are approximately -6.5 V and + 17 V, respectively. The high impedance 

condition above breakover for this unoptimized device is due to the high series resistance 

of the channel. Also shown in Fig. 4.42 are the regions of memory cell operation for this 

device. Positive gate-to-source voltages less than + 17 V will store charge, while negative 

gate-to-source voltages greater than -6.5 V will erase charge. Reading is performed in a 

small window around zero bias (±1.5 V). For negative gate-to-source voltages below 

breakover, dV/dt switching will partially erase stored charge. 

An example of memory cell operation is illustrated in Fig. 4.43, which shows the 

room temperature drain current response to a 1 0 ~s WRITE (+7 V) and ERASE (-7 V) 

pulse. The source is at ground and the drain is biased at -0.1 V throughout the 

measurement. Initially, the drain current value is high (-53 ~A), indicating a logic ZERO 

charge state. A logic ONE is written into the cell with a +7 V, 1 0 ~s gate-to-source pulse, 

which is indicated by the low drain current value (-48 ~A). After an interval of 5 s, a 

logic ZERO is re-written to the cell by a -7 V, 10 ~s ERASE pulse applied to the gate. This 
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Figure 4.41 Energy band diagrams for a npnp thyristor during erase pulse. (a) Initial 

onset of avalanche breakdown of middle junction. (b) Resultant of 

forward breakover with all junctions forward-biased. 
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Figure 4.42 Measured forward and reverse gate-to-source I-V characteristics at room 

temperature for the device structure shown in Fig. 4.39. The source and 

drain are grounded. Regions of memory cell operation are also shown. 

voltage is slightly greater than the breakover condition for this device. The drain current 

transients occurring during the short 10 Ils WRITE and ERASE pulses are not shown on the 

time scale (2 s per division) given in Fig. 4.43. Following erasure, the decay of the drain 

current above the logic ZERO level is due to the slow turn off of the thyristor forward-

biased junctions. 

4.9.4.1 Non-destructive READ characteristics of thyristor memory element 

To investigate the non-destructive READ characteristics of the n-p-n-p thyristor, 

we measured the room temperature storage time as a function of continuously applied 
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Figure 4.43 Room temperature drain current response following a WRITE and ERASE 

sequence. The source is at ground and the drain voltage is -0.1 V 

throughout the measurement. 

drain voltage, shown in Fig. 4.44. A +5 V, 250 ms gate-to-source WRITE pulse was 

applied for each measurement. During the storage measurement, the source and gate 

were grounded. As shown in Fig. 4.44, charge sensing with the JFET channel shows 

minimal change in storage times over reasonable applied drain voltage levels. Storage 

times for this particular device ranged from 17 sat Vos = ± 0.1 V to approximately 10 s 

at Vos = ±1.5 V. 
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Figure 4.44 Room temperature storage time as a function of continuous applied drain 

4.9.4.2 

voltage for the thyristor memory cell shown in Fig. 4.39. A +5 V 250 ms 

gate-to-source WRI1E pulse was applied for each measurement. 

Storage time characteristics of thyristor memory element 

Storage times are defined as the time required for the initial change in drain 

current to decay to its lie value. Room temperature storage times for the device shown in 

Fig. 4.39 ranged in the tens of seconds. This can be compared to the symmetric p-n-p 

transistor cell with the p layers doped 2 x 1017 cm-3 and the n layer doped I x 1018 cm-3 

(Fig. 4.11). Storage times for the p-n-p cell at room temperature exceeded 2 min. and the 

reduced charge retention time for the n-p-n-p thyristor cell is attributed primarily to the 

difference in generation volume of the lightly doped p-type (6 x 1016 cm-3) region. A 

typical measurement of storage times for the n-p-n-p device as a function of temperature 
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yielded an activation energy of approximately 0.6 eV. This value changed over a period 

of one month from 0.67 eV to 0.5 eV, indicating that surface generation mechanisms are 

important. 

The experiments shown in Figs. 4.43 and 4.44 demonstrate good data retention, 

non-destructive reading, and electrical programming from a single gate terminal, 

confirming functionality for this proof-of-concept thyristor memory device. However, 

for these initial designs, device size limits switching speeds, and surface generation limits 

data retention. In addition, doping levels and epi-Iayer thicknesses are not optimum for 

maximizing redistribution of stored charge on the bottom sense channel junction, or in 

achieving a low breakover voltage for easy erasure. Furthermore, an n-channel device 

design should improve channel conductance and increase the sensitivity of change in 

drain current due to stored charge. 

4.10 Fundamental charge storage design criteria 

Consider now device optimization for the JFET memory element group. The 

main criteria in this discussion is that maximum signal is obtained for a given amount of 

stored charge. It is clear that the process of maximizing signal charge must also minimize 

leakage. Consequently, JFET element types with the fewest number of contacts are 

focused on in this analysis. 

4.10.1 Three-layer JFET structure 

Consider fIrst a three layer structure similar to Fig. 4.28. Writing is accomplished 

by applying a voltage (Vw) to the gate, removing majority carriers from the base. Upon 

termination of V w majority carriers redistribute within the base resulting in expansion of 

the depletion regions at both junctions and a potential drop across each junction of 
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voltage Vr. This operation was shown schematically in Fig. 4.29. For maximum signal, 

we must maximize Vr given a write voltage, Vw. 

For a three layer cell, the procedure is straightforward. The doping levels are 

chosen such that the junction reverse-biased by the write pulse exhibits a capacitance 

much larger than the other junction. Since both junctions have Vr across them during 

storage, minimal redistribution of charge following write occurs using this criteria. It is 

the asymmetry in doping which is needed. For example, in an np+n structure, ND1 » 

N D2 will give maximum V r when the write pulse reverse-biases the N D1 doped layer. 

As a practical matter, the channel doping is often selected in order to achieve 

specific current levels for a given integrated circuit technology. In this case, the doping 

of the other layers must be much higher than the channel within practical limits. 

For the case where the channel is very highly doped, the top layer doping is set 

much smaller than the channel. In any case one junction capacitance must be much larger 

than the other. 

As an example, suppose an n-channel doping level is specified at ND2 = 2 x 1017 

cm-3• If we assume a +3 V write voltage, then Vrvaries as a function of top layer doping 

NDl. This result is shown in Fig. 4.45, which plots reverse-voltage, Vr, versus top layer 

doping level NDl. The floating p-type layer is doped at NA = 1 x 1019 cm-3. From this 

design, the channel thickness is determined by pinchoff given V r. 

A similar result applies to the heavily doped channel case, although opposite write 

polarity is used, and the channel thickness is determined by the pinchoff condition during 

write. 

4.10.2 Four-layer JFET/thyristor element 

The four-layer thyristor structure is much more difficult to optimize. During the 

WRITE operation two junctions are reverse-biased, during storage three junctions are 
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Figure 4.45 Reverse-voltage, V f, versus top layer doping level. The write voltage is 

+3V. and the p-type layer is doped at NA = 1 x 1019 cm-3. 

reverse-biased (see Fig. 4.40). A trade-off develops between placing most of the write 

voltage across a specific junction during writing, and minimizing charge redistribution 

following a write sequence. 

The trade-off is illustrated in Fig. 4.46 where for the moment the thyristor is 

replaced with fixed capacitors. By choosing C3 « Cl, V3 ;:: Vw during the write pulse. 

Following "write", the charge (8Q) that flows onto C2 can be made small only if C2 « 

C3, since C3 is essentially the value of the series combination of Cl and C3. However, 

these two conditions are mutually exclusive. Specifically, N02 « NA2 so that N02 

determines C3. It is required that C3 « Cl or N02 « NOI , NAI . However, this forces 

C2 » C3, in violation of the design experiment. 
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Figure 4.46 Schematic of 4-layer thyristor structure illustrating trade-off between 

maximizing the write voltage on bottom channel junction and maximizing 

the voltage V f due to stored charge following the write sequence. 

The best design employs a symmetric doping scheme in which the write voltage is 

divided between Cl and C3. During storage an appreciable charge moves to C2. The 

resulting best case for voltage on C3 is Vw/4. 

This effect is demonstrated numerically. The channel doping is specified at N02 = 

2 x 1017 cm-3, and we calculate the resulting Vfas a function of NOl. The write voltage is 

assumed to be -3V. Figure 4.47 shows a plot of reverse voltage on the bottom channel 

junction versus middle layer doping NOl. Shown are the voltages during and 

immediately following a write sequence. As shown in Fig. 4.47, V f maximizes for 

symmetric doping of the n-type layers. 

The channel thickness for the four-layer structure is specified for full depletion 

during the write sequence. Since charge redistribution is not minimized following write, 

the channel does not fully pinch-off immediately following a write sequence (V f). 

Comparison with the three layer structure indicates that charge distribution can be 

maximized for a three layer structure, however, trade-off occurs in the four layer device 
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as discussed above. Although charge distribution is not optimal for the four layer 

memory structure, electrical WRITE and ERASE capabilities from a single isolated gate 

terminal provide a more practical memory cell. 
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Figure 4.47 Reverse voltage on bottom channel junction versus doping level of middle 

n-type layer. The channel is doped at ND2 = 2 x1017 cm-3, and the p-type 

layers are heavily doped (5 x 1019 cm-3). The write voltage is -3 V. 
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CHAPTER 5 - SUMMARY 

The feasibility of a new class of GaAs charge storage devices is demonstrated in 

this thesis. These devices have potential applications as IU-V compound semiconductor 

nonvolatile and dynamic memories. The basic storage device consists of a junction field

effect transistor (JFET) as the charge sensing element, whose gate structure is a bipolar 

storage capacitor. Charge on the capacitor controls the JFET drain current. Four 

variations in the gate structure, representing four device types within the JFET class, were 

studied. 

Electrical functionality for programming and nondestructive read were 

demonstrated for the four device types. Drain voltages up to ±1.5 V applied during 

reading did not appreciably alter the charge retention time. Thermally activated storage 

times near 10 s at 300 K were observed, with specific devices having storage times 

ranging up to 2 min. Activation energies were typically near one half the GaAs bandgap 

(0.7 eV), although the primary leakage mechanism was surface generation. 

Both p- and n-channel JFET transistor memory elements were demonstrated. 

Devices with n-type channels showed increased performance in terms of readout current 

levels and sensitivity to stored charge compared to p-type channel devices, due to higher 

carrier mobility. Comparison with capacitors of similar perimeter-to-area ratio showed 

essential agreement of retention times for p-channel devices, however, n-channel 

structures were reduced somewhat from their capacitor counterpart. 

Simple device models were developed relating channel current to stored charge 

through the write voltage. Reasonable experimental agreement with these models was 
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found, including effects of fixed, parasitic channel resistance on the charge sensing 

capability. 

Electrical erasure of stored charge has conventionally been a difficult practical 

accomplishment, particularly in 111-V semiconductors. The four variations were directed 

at obtaining complete electrical erasure of stored charge. Complete electrical erasure was 

accomplished using three integrated gate structure techniques: (1) contact to the storage 

layer itself, (2) bipolar transistor accessing, and (3) forward-breakover accessing. 

Future work should involve integration of this proof-of-concept device group into 

a workable memory array. Merging of this memory cell with a 111-V digital technology 

must be studied. In addition, the memory cell size will be scaled down to typical 

dimensions employed in integrated circuit technology, requiring a sidewall passivation 

technique to minimize surface leakage effects. 

This work serves as a basis for development of a new class of memory devices in 

111-V compound semiconductors, namely the integrated junction field-effect storage 

transistor. The basic design of this cell permits nondestructive charge sensing. Due to 

the inherent speed advantages in 111-V semiconductors, and the wide bandgaps available 

within this material system, potential applications include high-speed dynamic and 

nonvolatile memories. 
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APPENDIX A - DEVICE LAYOUT AND FABRICATION 

A.l Mask Design 

A mask set was designed using the process sequence described in Chapter 2 for 

JFET memory devices. The mask set consists of 5 levels. A summary of the minimum 

feature size and alignment tolerances for each mask level is given in Table A.l. The total 

die size is 5.5mm x 5.5mm, and organized as shown in Fig. A.I. Table A.2 gives a 

summary of the device test and process control structures. A typical JFET cell layout is 

shown in Fig. A.2. 

MINIMUM REGISTRATION 

MASK TONE LINEWIDTH TOLERANCE ALIGN PROCESS 

ID <11m) (!-Im) TO 

NAME 

DRO_CE CF 4.0 ±0.75 Storage cell 
mesa etch. 

DRO_IS CF 5.0 ±0.75 DRO_CE Device 
isolation 
etch. 

DRO_MS CF 5.0 ±0.75 DRO_CE Source/Drain 
DRO_IS ohmic metal. 

DRO_MG CF 2.0 ± 1.00 DRO_CE Gate ohmic 
metal. 

DRO_PD DF 40.0 ±I.OO DRO_MS Pad ohmic 
DRO_MG metal. 

Table A.I Mask set description for JFET memory cell test structures. 
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GROUP MEMORY PROCESS DESCRIPTION 

NAME TEST CONTROL 

JFET AO-A6 X JFET with varying mesa storage cell 
widths. 

JFETBO-BB X JFET with varying SID contact spacing 
with respect to storage cell mesa 
(symmetric ). 

JFET CI-C7 X JFET with varying SID contact spacing 
with respect to storage cell mesa 
(asymmetric). 

JFETDI-D5 X JFET with varying size gate probe pad. 

JFET EI-E5 X JFET with varying mesa storage cell 
widths (with large pads for bond wires). 

JFETFI-F2 X JFETs with 4 gates per channel. 

JFETGI X JFETs with minimum area. 

Capacitors X Capacitors with varying perimeter-to-area 
AI-A6 ratios. 

TLMPads X Process control for sheet and ohmic 
contact resistance tests. 

Process X Process control for channel etch (SEM 
Control structures). 

Fine X Process control for alignment and PR 
Alignment resolution. 

Table A2. Summary of JFET test sand process control structures. 
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Source Drain 
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Figure A.2 Typical cell layout for JFET memory device showing location of 

source/drain and gate probe pads. 

Figure A.3 shows a layout of the test pattern used for measuring ohmic contacts 

and channel sheet resistance. The transfer length method (TLM) is a four probe 

measurement. For details of the measurement see ref. [75]. A constant current is forced 

between two probes, while the potential drop across the probe pads is monitored. The 

voltmeter used in monitoring the potential drop must have a very high input resistance (> 
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lOMQ) to eliminate the effects of the probe resistance. As shown in Fig. A.3, the 

measurement is repeated for several spacings, which allows extrapolation of the sheet 

resistance and contact resistance. The TLM test structure shown in Fig. A.3 was placed 

on both the gate epilayer and the JFET channel epilayer. 

Figure A.3 Layout of process control structure for measuring ohmic contact and 

epilayer sheet resistance. 
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A similar structure was used to monitor the effect of device isolation. In this case, 

the pads and contacts were placed on the top epilayer, and the area between the contacts 

was etched away during the device isolation step. 

During the photolithograpy step, fine alignment marks are used to insure level to 

level registration. An example of the photlithography alignment marks used in this 

fabrication is shown in Fig. A.4 . 

........................................... ............................................ 
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Figure AA. Example of alignment marks used in fabrication of JFET memory 

elements. The alignment tolerance of the mask aligner is approximately ± 

0.5 Ilm. 

A.2 Device fabrication process run sheet 

The fabrication sequence given in Chapter 2 for JFET memory cells is described 

in more detail as follows. This process given below is specific to a n-channel device. 



1) Wafer Lap and Clean 

Wafer in inspection: 

a. Mount MBE wafer onto hand chuck with glycol (indium side up). 

b. Soak in HCL initially for 2-3 hrs 

c. Rinse in DIW lOmin., N2 blow dry. 

d. Lap remaining indium off by hand using (600)grit paper. 

____ e. Record thickness of wafer at 3 points. 

xl _____ mils. 

x2 mils. 

x3 mils. 

avg mils. 

____ f. Removewafer from chuck. 

2) Storage Cell Mesa Etch 

Wafer in inspection: 

a. Process mechanical wafer along side MBE wafer. 

Photolithography: 

____ a. Rinse in DIW 5min., N2 blow dry. 

____ b. HMDS. 

____ c. Spin AZ5214 at 5K rpm for 30 sec. 

____ d. Hot plate bake 90C for 90 sec. 

140 
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e. EBR removal. 

f. Expose on Suss 3.0 sec. with mask CSRL_DRO CEo 

g. Develop AZ400K 1:4 sec. (Watch until pattern clears, then 5 

sec. more). 

h. Rinse in DIW for 5 min., N2 blow dry. 

Photolithography Inspection: 

x Resolution Dagger: 

y Resolution Dagger: 

Wet Chemical Etch: 

_____ i. Postbake in oven 90C for 30 min. 

j. Mix H3P04: H202: H20 (1: 4: 45). 

k. Photoresist descum. 

- Plasma Oxygen at 850 mToIT. 

- Descum for 10 min. at 40 Watts. 

1. Squirt H20: NH40H (20: 1) for 30 sec., N2 blow dry. 

m. DEKTAK and record PR thickness on etch record below. 

n. Measure temperature of etch solution by measuring water beaker 

temperature. Record on chart below. 

O. Etch mechanical wafer # 1 for S. 

_____ p. Rinse DIW 5min. 

q. DEKTAK with PR on and record thickness on chart below. 

_____ r. Remove PR, with acetone, isopropanol. Rinse DIW. 

S. DEKTAK etch thickness and record below. Calculate etch rate. 

t. Etch mechanical wafer # 2 for S. 
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u. Rinse DIW 5min. 

v. DEKTAK with PR on and record thickness on chart below. 

w. Remove PR, with acetone, isopropanol. Rinse DIW. 

x. DEKTAK etch thickness and record below. Calculate etch rate. 

y. Average Etch rate for mechanical wafers #1 and #2 should agree within 

5%. 

z. Measure temperature of etch solution again by measuring water beaker 

temperature. Record on chart below. Temperature should agree with 

fIrst measurement. 

aa. Etch MBE wafer for _____ ,s. 

bb. Rinse DIW 5min. 

cc. DEKTAK with PR on and record thickness on chart below. 

dd. Measurement of etch should be 6900A ± 200A. If difference is less 

than 6400A, do the following: 

ITEM 

Mech. #1 

Mech.#2 

MBE wafer 

- Squirt H20: NH40H (20: 1) for 30 sec., N2 blow dry. 

- DEKTAK and record PR thickness on etch record below. 

- Measure temperature of etch solution by measuring water 

beaker temperature. Record on chart below. 

- Etch MBE wafer for s. 

- DEKTAK thickness wi PR and record on chart below. 

ETCH RECORD 

TEMP PRTHK DEPTH 



____ ee. Remove PR, with acetone, isopropanol. Rinse DIW. 

____ ff. DEKTAK etch thickness and record below. Calculate etch rate. 

____ gg. Inspect PR removal. 

- If necessary use acetone spray with with spray gun. 

- Rinse fresh acetone, iso, DIW 10 min., N2 blow dry. 

hh. DEKTAK etch depth in three places across wafer and record 

uniformity. 

DEKTAK#1 __________ A 
DEKTAK#2 A 

DEKTAK#3 A 

Ava. A 

3) Isolation Etch 

Wafer in inspection: 

Photolithography: 

a. Rinse in DIW lOmin., N2 blow dry. 

b. HMDS. 

c. Spin AZ5214 at 5K rpm for 30 sec. 

____ d. Hot plate bake 90C for 90 sec. 

e. EBR removal. 

____ f. Expose on Suss 3.0 sec. with mask CSRL_DRO IS. 
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g. Develop AZ400K 1:4 sec. (Watch until pattern clears, then 5 

sec. more). 

h. Rinse in DIW for 5 min., N2 blow dry. 
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Photolithography Inspection: 

Minimum Resolution Box 

x Resolution Dagger: ___ _ 

y Resolution Dagger: ___ _ 

x Alignment Vernier 

y Alignment Vernier 

___ (Xl) 

___ (Y1) 

Wet Chemical Etch: 

i. Postbake in oven 90C for 30 min. 

____ j. Mix H3P04: H202: H20 (1: 4: 4S). 

_____ k. Photoresist descum. 

- Plasma Oxygen at 8S0 mTorr. 

- Oescum for 10 min. at 40 Watts. 

____ 1. Squirt H20: NH40H (20: 1) for 30 sec., N2 blow dry. 

_____ m. DEKTAK and record PR thickness on etch record below. 

n. Measure temperature of etch solution by measuring water beaker 

temperature. Record on chart below. 

o. Etch mechanical wafer # 1 for s. 

_____ p. Rinse OIW Smin. 

_____ q. Remove PR, with acetone, isopropanol. Rinse DIW. 

____ r. DEKTAK etch thickness and record below. Calculate etch rate. 

s. Etch mechanical wafer # 2 for _____ s. 

_____ 1. Rinse OIW Smin. 

_____ u. Remove PR, with acetone, isopropanol. Rinse DIW. 

_____ v. DEKTAK etch thickness and record below. Calculate etch rate. 

w. Average Etch rate for mechanical wafers #1 and #2 should agree within 

S%. 

_____ x. Measure temperature of etch solution again by measuring water beaker 
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temperature. Record on chart below. Temperature should agree with 

first measurement. 

____ y. Etch MBE wafer for _____ s. 

_____ z. Rinse DIW 5min. 

aa. DEKTAK with PR on and record thickness on chart below. -----

bb. Measurement of etch should be 9600A ± 200A. If difference is less -----

than 92ooA, do the following: 

- Squirt H20: NH40H (20: 1) for 30 sec., N2 blow dry. 

- DEKTAK and record PR thickness on etch record below. 

- Measure temperature of etch solution by measuring water 

beaker temperature. Record on chart below. 

- Etch MBE wafer for _____ ,s. 

- DEKTAK thickness wi PR and record on chart below. 

ETCH RECORD 

ITEM 

Mech. #1 

Mech.#2 

MBEwafer 

PRTHK DEPTH 

ee. Remove PR, with acetone, isopropanol. Rinse DIW. 

ff. DEKTAK etch thickness and record below. Calculate etch rate. 

gg. Inspect PR removal. 

- If necessary use acetone spray with with spray gun. 

- Rinse fresh acetone, iso, DIW 10 min., N2 blow dry. 



____ hh. DEKTAK etch depth in three places across wafer and record 

uniformity. 

DEKTAK#l __________ A 
DEKTAK#2 A 

DEKTAK#3 A 

AVO. A 

4) Source/Drain Ohmic n+ Metal Liftoff 

Wafer in inspection: 

Photolithography: 

____ a. HMDS. 

____ b. Spin AZ5214 at 5K rpm for 30 sec. 

____ c. Hot plate bake 90C for 90 sec. 
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____ d. EBR removal (develop in 1:1.4 MIF312: DIW pre-mixed). 

____ e. Expose on Suss 10.25 s. (set@ 10.17 s.) with mask CSRL_DRO MS. 

____ f. Post hotplate bake 112C for 40 sec. 

____ g. Flood expose wafer 45 sec. 

____ h. Develop 36 sec. 1: 1.4 MIF 312: DIW pre-mixed (T@ 20.4°C). 

____ i. Rinse in DIW for 2 min., N2 blow dry. 

Photolithography Inspection: 

Minimum Resolution Box 

x Resolution Dagger: __ _ x Alignment Vernier ___ (Xl) 

y Resolution Dagger: __ _ y Alignment Vernier ___ (Yl) 



Metal Deposition and Liftoff: 

k. Rinse in DIW for lOmin., N2 blow dry. 

1. Photoresist descum. 

- Plasma Oxygen at 850 mToIT. 

- Descum for 10 min. at 40 Watts. 

m. Squirt H20: NH40H (20: 1) onto wafer for 30 sec., N2 

blow dry. 

n. Load wafer within 10 min., also load clean glass slide for 

thickness monitoring. 

o. Deposit: 

~ 

Ge 

Au 

Ni 

Au 

Desired 

270A 

540A 

140A 

2000A 

Actual 

_____ p. DEKTAK glass slide for total deposition thickness: ____ _ 

q. Liftoff in acetone. 

_____ r. Clean in fresh acetone lOmin. (room temperature). 

s. Soak in isopropanol 10 min. (room temperature). 

____ t. Rinse in DIW 10 min., N2 blow dry. 

_____ u. Visually inspect pattern to ensure PR removal. 

_____ v. If necessary use acetone spray gun again, rinse isopropanol 

10min., DIW lOmin., N2 blow dry. 
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5) Gate n+ Ohmic Metal Liftoff 

Wafer in inspection: 

Photolithography: 

a. HMOS. 

____ b. Spin AZ5214 at 5K rpm for 30 sec. 

____ c. Hot plate bake 90C for 90 sec. 
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____ d. EBR removal (develop in 1:1.4 MIF312 : DIW pre-mixed). 

____ e. Expose on Suss 10.25 s. (set @ 10.17 s.) with mask CSRL_DRO MG. 

f. Post hotplate bake 112C for 40 sec. 

g. Flood expose wafer 45 sec. 

____ h. Develop 36 sec. 1: 1.4 MIF 312: DIW pre-mixed (T@ 20AOC). 

____ 1. Rinse in DIW for 2 min., N2 blow dry. 

Photolithography Inspection: 

Minimum Resolution Box 

x Resolution Dagger: __ _ 

y Resolution Dagger: __ _ 

Metal Deposition and Liftoff: 

x Alignment Vernier 

y Alignment Vernier 

____ k. Rinse in DIW for lOmin., N2 blow dry. 

____ 1. Photoresist descum. 

- Plasma Oxygen at 850 mTorr. 

- Descum for 10 min. at 40 Watts. 

___ (Xl) 

___ (Yl) 

____ m. Squirt H20: NH40H (20: 1) onto wafer for 30 sec., N2 

blow dry. 



n. Load wafer within 10 min., also load clean glass slide for 

thickness monitoring. 

o. Deposit: 

.Mslli!l Desired Actual Rate 

Ge 270A 

Au 540A 

Ni 140A 

Au 2000A 

_____ p. DEKTAK glass slide for total deposition thickness: ____ _ 

_____ q. Liftoff in acetone. 

_____ r. Clean in fresh acetone 1Omin. (room temperature). 

s. Soak in isopropanol 10 min. (room temperature). 

____ t. Rinse in DIW 10 min., N2 blow dry. 

u. Visually inspect pattern to ensure PR removal. 

v. If necessary use acetone spray gun again, rinse isopropanol 

1Omin., DIW 1Omin., N2 blow dry. 

6) Rapid Thermal Anneal 

Wafer in inspection: 

a. Alloy ohmic contacts at 370C for 15 sec. in RTA. Use program 

OA360 and RTA located in ion implant bay. 
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Figure A.5 shows a scanning electron microscope photograph of a fabricated 

JFET storage element using the process sequence described above. The linewidths for 

the gate metal and channel length are approximately 2 ~m and 7 /JITI, respectively. 

Figure A.5 Scanning electron microscope photograph of fabricated JFET storage 

element showing location of source, drain, and gate probe pads. 
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APPENDIX B - GRADUAL CHANNEL APPROXIMATION 

A cross-section of a n-type channel is shown in Fig. B.1 in which the depletion 

region varies gradually from the source end to drain. The dimension of the channel 

length is L. The doping concentration is assumed to be uniform ND (cm-3). The applied 

drain-to-source voltage (x direction) causes electrons to conduct along the channel. The 

floating voltage, Vr, due to stored charge controls the current by modulating the depletion 

region (y direction). To determine precisely the fields within the space charge and 

conducting regions a two-dimensional Poisson equation is solved since iv lax 2 does 

not vanish. However, if a2v lax 2 is small compared to o.n/e, where o.n is the charge 

density residing on the n-side of the depletion region and e is the dielectric permittivity, 

then we can approximate the fields, and consequently the channel current, by solving a 

one-dimensional Poisson equation (y direction) in which the gradually varying channel 

voltage is a boundary condition at the edge of the space charge region [73]. 

The solution to the gradually varying channel approximation is divided into two 

regimes. In the linear region of operation, the expression for drain current as a function 

of floating gate junction voltage, V [, is given as [73] 

where go is the conductance of the channel, V po is the channel pinch off voltage, V r is the 

voltage on the floating gate, V D is the drain voltage at x=L. The channel conductance is 

given as 



.t tep1 
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+ + + + 
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Figure B.1 Cross section of gradual channel showing variable depletion width due to 

gradually varying channel voltage. 

(B.2) 

where q is the electronic charge, Iln is the electron mobilty, Z is the channel width, and 

tepi is the channel epilayer thickness. The channel pinchoff voltage is expressed as 

(B.3) 

where € is the permittivity of GaAs, ND is the channel doping, and NA is the doping of 

the floating p-type gate. 

In the saturation region, the applied drain voltage pinches off the channel current 

at the drain end (we ignore velocity saturation). The drain current, which is independent 

of drain voltage, is given by [73] 
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To relate stored charge residing in the space charge region to the channel current, 

we must first determine the total amount of charge residing on the n-side of the space-

charge region, which is given as 

Q ... =ZqND f W" (x) dx , (B.5) 

where Qnv is the total depletion charge residing on the n-side of the p+n junction, and 

W nv(x) is the corresponding depletion width on the n-side which varies in the x direction. 

The depletion thickness, W nv(x), is expressed as 

(B.6) 

Substituting Eq. B.6 into Eq. B.5 results in 

(B.7) 

To integrate over a differential voltage, dV, we must determine the relationship dx/dV. 

We know that the current in the channel is expressed as 

ID dx = q /111 ND Z (tepj - WIl y(x )}dV . (B.8) 
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Solving for dx/dV we find that 

dx q J.lnND Z (tepi - Wn,. (x )) 
dV - ID 

(B.9) 

Substituting Eq. B.6 and Eq. B.9 into Eq. B.7, the integration over the voltage range (0 to 

V D) is expressed as 

(B.IO) 

In the linear region (Vn < Vpo - Vbi + V f), the above equation is evaluated using 

Eq. B.1. The result is expressed as 

1 
VD(Vpo )1/2 -1 

t[(Vbi + VD - VI f/2- (Vbi - VI f!2] 

. (B.ll) 

In the saturation region (Vn ;:: V po - Vbi + V f) , Eq. B.1O is evaluated using Eq. B.4. The 

result is expressed as 
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V DSAT (Vpo )1/2 _ 1 

t[(Vbi + VDSAT - Vf ?/2_ (Vbi - Vf ?/2] 

. (B.12) 

where the saturation voltage, VDSAT, is defined as 

(B.13) 

As an example consider a channel with constant doping at ND = 1 x 1017 cm-3, 

channel thickness is tepi = 200 nm. Figure B.2 shows the results of this example by 

plotting depletion charge per unit micron length and width of channel (L = 1 Ilm, Z = 

111m) versus drain voltage for two values of V[ (0 V and -1 V, respectively). As shown in 

Fig. B.2, increasing the drain voltage causes the depletion charge to remain constant for a 

given V [, due to channel pinch off. 

To determine the total amount of stored charge, we use the expression 

(B.14) 

where Qs represents the total stored charge, Qnv is the depletion charge on the n-side 

given a reverse voltage V [, and Qno is the depletion charge at V [ = 0 V. 
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2 

Figure B.2 Channel depletion charge per unit channel length and width versus drain 

voltage. Two values of V f are shown (OV and -1 V). The doping of the 

channel is ND = I x 1017 cm-3, and the p-type floating gate is heavily 

doped (NA = I x 1018 cm-3). 

The results of this analysis can be compared to the constant depletion width model 

on a per unit channel length and width basis (L = 1 Ilm, Z = 1 Ilm). The relevant results 

are given in Section 4.6.2. 
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