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ABSTRACT 

A one-dimensional analytical model of dark current has been developed to 

facilitate the investigation and analysis of dark current from gate-controlled photo

voltaic InSb arrays. The applied gate voltage is an essential parameter in the model. 

The expressions relating this parameter to surface potential axe derived separately 

for the cases of accumulation and depletion at the surface of n-type InSb material 

under the gate. In addition, the measured dark current is compared with that from 

the analytical model, and the discrepancy is discussed in terms of the intrinsic car

rier concentration, surface recombination velocity, and geometry of the array. The 

components of dark current are mainly associated with surface state generation-

recombination, field induced tunneling, and the depletion region from the bulk and 

surface. The experimental results are obtained at temperatures between 30K and 

40K. 
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CHAPTER ONE 

INTRODUCTION 

Photovoltaic indium antimonide (PV InSb) detector array technology has 

matured over the past decade to enable application as sensors in a variety of infrared 

devices. Because of the 1 to 5 pm spectral region covered by InSb, the detectors are 

widely used for ground-based infrared astronomy and they are being considered for 

applications aboard the Space IR telescope facility (SIRTF).1 Some advantages of 

InSb include: high quantum efficiency, availability of highly pure InSb material with 

excellent crystalline perfection, and mature detector fabrication processes utilizing 

diffusion or ion implantation to form the PV diodes. 

It has been reported that linear arrays as well as two dimensional arrays in 

the formats of 32 x 32, 62 x 58, and 128 x 128 have been fabricated. 2'3 The majority 

of these arrays have been mated to silicon readout or multiplexer chips using the 

hybrid indium bump interconnection technique. The arrays can be either front 

or back illuminated. The performance of an array can be evaluated from various 

parameters such as quantum efficiency, dark current, linearity, noise, signal-to-noise 

ratio, uniformity, and others. 

This paper investigates the components of dark current in a 62 x 58 array 

processed by Santa Barbra Research Center. The simplified hybrid focal plane 

array is shown in fig. 1.1.22 The bottom part is the silicon readout chip and the 

top part is the detector chip. This array is currently being used as an imager by 

Kitt Peak National Observatories. Nonuniform distribution of dark current in the 

array is observed at certain values of applied gate voltage. The nonuniformity is 



found to be strongly dependent upon the gate voltage. The dark current model in 

terms of bulk and surface conditions in the detector is presented within Chapter 

3. The relationship between the gate voltage and surface potential is developed. 

Analytical expressions for the dark current components are used to simplify the 

quantitative analysis. In Chapter 4, the experimental results are presented and 

evaluated. An effective intrinsic carrier concentration obtained empirically is used 

to calculate generation-recombination current and surface-state generated current. 
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INCIDENT RADIATION 

METALIC 

INTERCONNECT 
DETECTOR CHIP 

VIDEO SIGNAL 
PROCESSOR CHIP 

Fig. 1.1 Simplified IR hybrid focal plane array 
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CHAPTER TWO 

BRIEF DESCRIPTION OF THE ARRAY 

The photovoltaic array, i.e., the top part of the IR hybrid array in Fig. 1.1, 

is shown in Fig. 2.1. The detectors axe fabricated in a 58 x 62 format on n-type 

I 
GATE METAL 

INDIUM BUMP 

Si02 OVERGLASS 

Si02 PASSIVATION 

CONTACT METAL 

• p+ - InSb 

JUNCTION 

n - InSb 
• C . . <  

Fig. 2.1 Cross-sectional view of the detector array showing the processed chip 
(Courtesy of Santa Barbara Research Center) 

InSb material with substrate donor concentration of approximately 2 x 101 4/cm3 .  

The p-type regions axe ion implanted with an impurity concentration of 101 6/cm3 .  

The detector area is 62/j,m x 62(im. The center-to-center spacing between two 

adjacent pixels is 76fi,m. A thin SiC>2 passivation layer on the front side (junction) 

of the array is used to minimize the electrical activity of the surface. Between 

the layers of overglass Si02 and passivation SiC>2, a gate is deposited to control the 
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surface potential of the array, which in turn affects the dark current. A cross-section 

through the structure of a detector is shown in Fig. 2.2. 

1 

0 

SiOo 

OVERGLASS 
SiOn 

PASSIVATION 

7/?/////•. 

7 
J 

n-substrate 

ALUMINUM 

Fig. 2.2 One-dimensional structure of the detector 

The silicon Direct Readout Circuit (DRO) is interconnected to the array 

by indium bumps which are fabricated on the p-type regions. After hybridizing, 

the detector n-type bulk is thinned to 10 to 12fxm so that the electron-hole pairs, 

generated by the absorption of photons, will have an opportunity to diffuse to the 

junction before recombination. On the bottom of the n-type InSb, a quarter wave 

plate for wavelength of 2fim is formed to reduce the reflection of incident photons 

from the surface. The resulting device is referred to as a backside-illuminated planar 

diode detector array. 

The DRO is an NMOS switching circuit consisting of row and column ad

dress decoders, reset switch unit cells, and two outputs. The unit cell and its outputs 

will be discussed in detail. The information on addressing the unit cell is available 

in the papers by A. Fowler et. al4 and by G. Orias5. 

A unit cell, shown in Fig. 2.3, consists of two pixels which are addressed 

simultaneously when signals are extracted there. The voltages labeled with V are 

applied DC and those with <f> are clocks. It is sufficient to describe the odd pixel of 



15 

the unit cell due to the symmetry of the circuit. When <f>Row is active high, the 

switches Qi and Q2 are turned on. The source follower Qz will pass the signal from 

detector D\ to the drain of the switch Q7, which will not be on until the 

VODUC VRSTUC VODUC 

DETECTOR 

VDETSUB VDETSUB 
58:1 MUX 58:1 MUX 

VGGUC' 

VSSUC 

OCOL 

31:1 MUX 31:1 MUX 

VOOOUT- VODOUT 

ORSTUC EVEN 
VIDEO 

ODD 
VIDEO 
OUT OUT 

Fig 2.3 A unit cell with its simplified schematic of the direct readout circuit 
(After Fowler et. al. ref. 4) 



corresponding <j>coL is active high. The output source follower Qs receives the 

signal through the multiplexer. The reset switch Q4 is controlled by three clocks: 

<J>ROWJ 4>COL, and 4>RSTUC- This determines that the detector can be reset during, 

and only during, the time it is being addressed. 

When the reset switch closes, the sense node is set to the voltage VRSTUC 

and the detector is reverse biased to the difference between VRSTUC and VDET-

SUB, the substrate voltage of the detector. This reverse bias voltage on the detector 

places a known charge on its junction capacitor. When the switch opens, photons 

absorbed in and near the depletion region of the p-n junction produce electron-hole 

pairs which neutralize the charge on the junction capacitance. The time period dur

ing which photocurrent integrates directly onto the junction capacitance is called 

the integration time of the detector. After integration, the detector is connected to 

the multiplexer for signal readout. The charge-equivalent voltage output difference 

between this signal readout and the reset bias reference represents the incident pho

ton flux and integrated dark current. The theoretical understanding of dark current 

is the main objective of this research and is presented in the next chapter. 



17 

CHAPTER THREE 

1-D ANALYTICAL MODEL OF DARK CURRENT FOR AN InSb 

GATE-CONTROLLED PHOTOVOLTAIC DETECTOR ARRAY 

3.1 Introduction 

Dark current is one of the critical parameters in the focal plane array per

formance. It is defined as the detector current, or charge-equivalent voltage, mea

sured when no radiation is incident on the array. Dark current contribution comes 

from the surface and from the bulk. Since the lateral dimensions of the detector 

are significantly larger than its thickness, the dark current can be calculated using 

one-dimensional analysis.6 

The study of surface effects on the gate-controlled diode by Grove and 

Fitzgerald indicates that the dark current from the surface can be related to the 

bending of energy bands designated as the surface potential <f>a.7 It will be shown 

that the charges in the Si02 layer, the work function difference between the gate 

metal and the n-type InSb, and the applied gate voltage will alter the surface 

potential of the n-type InSb. By varying the gate voltage, the surface condition 

can be set to accumulation, flat band, depletion, or inversion. The dark current 

will behave differently in these different cases. Therefore, the gate voltage is the 

controlling parameter for the dark current from the surface. In addition, the dark 

current from the bulk is dominated by the generation-recombination current in the 

depletion region. The following sections give the detailed analysis on dark current. 



18 

3.2 The Dark Current from the Bulk 

The electrical behavior of a semiconductor is governed by Poisson's equation 

and the continuity equations. The former describes the local contribution of the 

charged carriers to the electrostatic potential, and the latter are the mathematical 

expressions of carrier conservation. The solution to the above coupled equations will 

give the distribution of the carrier densities. The current-voltage characteristics can 

then be evaluated. 

The one-dimensional Poisson's equation can be written as 

d2 if> _ de 

dx2  dx 
_ />0) 

ea 

where ea  is the permitivity of the semiconductor, e the electric field, and ip the 

potential. In this paper, V* is used for the potential of the intrinsic energy level. 

The symbol p is the total electric charge density given by 

p(x) = q [p (a:) - n (a;) + N% (®) - Nj («)] (3.2) 

in which q is the magnitude of the electron charge, n the electron density in the 

conduction band, p the hole density in the valence band, N]p the density of ionized 

donors, and the density of ionized acceptors. In InSb, the density of ionized 

donors or acceptors can be approximated by its doping concentration even at low 

temperature since there is no evidence for a measurable ionization energy.8 By using 

Boltzmann's approximation, the carrier densities can be expressed as 

n = n.exp - <£n)] 

p = n;exp [jjfitp ~ VO] 

3.1 

3.3) 
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where n,- is the intrinsic carrier concentration, <j)n and <f>p potential quasi-Fermi levels 

for electrons aoad holes respectively, k the Boltzmann constant, and T the absolute 

temperature. The pn product in the depletion region becomes 

pn = n?exp - M] • (3.4) 

The difference <f>p — <j>n is the electrostatic potential difference across the junction 

caused by the applied voltage Vbiaa- Evidently, Vbiaa = <i>p — <f>n-

For n-type semiconductors, the one-dimensional continuity equations at 

steady state, low injection, and with no photo-generated carriers, are 

-t'+""4r+""n"£+i,"!Sr=o (3-5°) 

~u ~ ̂ lEr - W'lk+D'ii^=0 (3-56) 

in which U is the net recombination rate, /i„ and np are the electron and hole 

mobilities, and D the carrier diffusion coefficient. The deriviation given by Sze9 

shows that the combination of (3.5a) and (3.5b) with the Einstein relation, D — 

(^F) can simplified to 

Pn-Pno ..  _dpn  ,  „ d2pn  n  / n^ 
Vpe^rr + Dp^rr = ° (3-6) rp dx ' p  dx2 

under the low-injection assumption, i.e. pn  n„ in the n-type semiconductor. In 

(3.6), rp is the minority carrier life time, and pno is the monority carrier density at 

thermal equilibrium. 

To simplify (3.6) further, it is necessary to consider the p-n junction in more 

detail. Fig. 3.1 shows the space-charge distribution and the electric field distribution 

of a p-n junction in abrupt approximation, which is an adequate description for ion-

implanted junctions. Under the approximation, the electron and hole densities are 



negligible inside the depletion region and the charge density is dominated by the 

corresponding ionized impurities. Outside of the depletion region, the neutrality 

holds and no electric field exists. It is the general practice to solve (3.6) in the 

REGION-* — 

NET ACCEPTOR 
DENSITY-^ 

-DEPLETION REGION-
(N„-NA) 

©0© 
©©© 
,©©© 
<gQ© 

© © ® ® \ 
© © © © 
© © © © \ 

'-REGION-*' 

NET DONOR 
DENSITY 

(a) 

-CHARGE DENSITY DUE 
TO UNNEUTRAUZED 
IMPURITY IONS 

-xp j 0 *n 

war 
« DIFFUSION 

POTENTIAL 
"ffm 

(b) 

Fig. 3.1 Abrupt p-n junction in thermal equilibrium (after Sze, Ref. 12) 

neutral region, which becomes 

C^PTI Pn PnO 

dx2  DpTp 
= 0. (3.7) 

It can be obtained from (3.4) that at x = x„, 

f ^Vbias \ 
\ v T )  Pn — Pn06Xp 

where 

Pn 0 — 
Ui_ 
n r  

.2  

(3.8a) 

(3.86) 
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With the boundary conditions pn(x —> oo) = pno and (3.8), the solution of (3.7) 

gives 

Pn PnO — PnO 
r tl^bias\ , 

atp(Tf") ~1 
exp 

/  x-xn\  

\  LP J  

where 

Lp — \JDpTp . 

(3.9) 

(3.10) 

At x = xn ,  the minority carrier current density is 

dpn 

' OYbiaa 

Jp — 
/ p ~  DX 

_ qDp  
-Pn 0 exp(-

kT 
) - l  

(3.11a) 

Similarly, at x = xp  for the p-side, 

t qDn 
-np 0  exp( 

qVbia 
kT 

- )"1 (3.116) 

The summation of (3.11a) and (3.11b) gives the dark current density in the ideal 

case, i.e. the diffusion current dominates. 

In the InSb PV detector, however, the current-voltage characteristic departs 

significantly from the ideal case discussed above. It has been well established10 that 

the I-V chaxacteristic for the InSb diode is dominated by generation-recombination 

(G-R) current at temperatures below 77K, provided that the flat band condition is 

satisfied at the surface. This assumption neglects the dark current from the surface, 

which will be discused separately. 

As indicated by Sah, Noyce, and Shockley,11 the recombination and gen

eration of electrons and holes in semiconductors may take place at some type of 

G-R centers or traps when the thermal-equilibrium condition in semiconductors is 

disturbed. There are four basic processes involved in the carrier generation and 

recombination through the single-level recombination center shown in Fig. 3.2. 
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Electron capture or electron emission happens when a trap catches or emits an 

electron from or to the conduction band, while hole capture or hole emission is 

involved when the trap catches or emits a hole from or to the valence band. By 

requiring that the net rate of capture of electrons be equal to that of holes, the 

recombination rate for nonequilibrium but steady-state conditions can be expressed 

O -

/ /  /  /  

( 4 )  

HOLE 
EMISSION 

( 3 )  
HOLE 

CAPTURE 
ELECTRON 
CAPTURE 

ELECTRON 
EMISSION 

Fig. 3.2 Single-level recombination process (after Sze, Ref.9) 

by the Shockley-Read-Hall expression: 11 
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assuming that the quasi-Fermi level for traps, Ft, coincides with the quasi-Fermi 

level for electrons, Fn, under the thermal equilibrium condition, and that the semi

conductor is nondegenerate. In the expression (3.12), ni and pi axe the densities 

of electrons and holes in the conduction and valence bands when the Fermi level 

equals Ft, and rp and rn axe minority carrier life times. The equivalent expression 

from (3.3) for ni and p\ gives 

n i  = r n e x ( 3 . 1 3 a )  

and 

pi = n.exp (^E,
kT

Ft^j • (3.136) 

Substitution of (3.3a), (3.3b), (3.13a), and (3.13b) into (3.12) gives 

v = n ^ (314) 

r° cosh[^—k^,3 ) + + e~ 9l*2kTn) 

where To is defined as effective carrier life time and is obtained experimentally. In 

the above expressions, E and F are used for energy levels, while <f> and ip axe for 

potential levies. The rest of the paper will follow the same notation. 

The G-R current in the depletion region is given by 

rwM 
JG,R = 9 I Udx (3.15) 

Jo 

where the integration is taken over the depletion region. Under the assumption that 

the variation of the potential quasi-Fermi levels <f>n and cj>p in the depletion region 

is very small, performing the integration of (3.15) gives11 

T Qni  XXT 2sinh( 2kT^)  r /L\  /oi*J\  J
GtR =~wu (VU_VWT M ( ) 

kT 
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where 
/*oo 

f(b) / (z2 + 262: + 1) Xdz (3.17a) 
Jo 

in which 
Ft-Ei ( OYbias \ 

\ 2kT~ J 
b = exp ( — . J cosh (3.176) 

The integral (3.17a) can be approximated as j.10 In (3.16), Vj,- is the built-in 

potential and WM the depletion width of the metallurgical junction. 

When the reverse bias voltage is large compared with the integration 

of (3.15) results in the well-known form 

JG,R = qUWM, (3.18) 

where 

U = —. (3.19) 
To 

From the Boltzmann relationship (3.3), it can be found that the built-in 

potential is12 

Vbi = ̂ ln^ ĵ 

kTiJNANo \ 
9 \  ni  / 

(3.20) 

The depletion width, however, is evaluated under the abrupt junction approximation 

shown in Fig. 3.1a. By equating the opposite charges on both sides of the junction, 

the expression 

NdXu = Na%P (3.21) 

is obtained. The maximum electric field in the depletion region which occurs at 

x = 0 (Fig. 3.1b) is given by 
, , _ qNoxn 
l£m| — -

(3-22) 
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From the Poisson equation (3.1), the area of the triangle in Fig. 3.1b gives the 

built-in potential of the junction under the thermal equilibrium, 

For NA ND,  i-e, xp  C xn ,  xn  can be approximated as WM- By combining (3.22) 

and (3.23), the approximation results in the depletion width as a function of Vjj, 

When the junction is reverse biased by voltage VR, (3.24a) can be written as 

where VR > 0. 

The summation of the diffusion current and the G-R current is the total 

dark current due to the contribution from the bulk. The surface effects on the dark 

current are discussed in the next section. 

3.3 The Dark Current from Surface Leakage 

In the 1960's, a Silicon gate-controlled diode similar to the one in Fig. 2.2 

was first described and implemented by Grove and Fitzgerald to study the surface 

effects on p-n junction characteristics.7 The theory established can be extended to 

the case of indium antimonide. 

Assuming that potential variation in a direction parallel to the surface (in 

the y direction) is negligible, the surface effects can be described by an energy band 

diagram in terms of the bias voltage VBIAS and gate voltage VQ. In the absence of 

large current flow along the surface the assumption is appropriate for the overall 

VHI = \\EM\WM. (3.23) 

(3.24a) 

(3.246) 



surface space-charge region associated with the p-n junction.7 The assumption im

plies that only the energy band variation in a direction normal to the surface needs 

to be considered. 

Considering that the diode is reverse biased, and no voltage is applied at 

the gate, the energy band diagram for the n-side of the junction can be shown as 

in Fig. 3.3a provided that the work function difference between the gate metal 

and the substrate of the junction is zero and that the charges in the oxide layer axe 

negligible. The effects of the work function and oxide charges will be discussed. It is 

seen from Fig. 3.3a that the separation of potential quasi-Fermi levels is the voltage 

applied to the junction, i.e. (f>p — <f>n = V&iaa. The energy band in Fig. 3.3a is called 

flat band since all the energy bands axe parallel with the quasi-Fermi levels. When 

positive or negative voltage is applied at the gate, all the energy bands except Fn 

axe bent (Fig. 3.3). Here, Fn is the energy quasi-Fermi level for majority carriers 

(electrons) and is assumed to be invariant from the surface to the bulk. 

When the gate voltage applied is positive, the conduction band at the 

surface bends downward and is closer to the Fermi level. Since the electron density 

depends exponentially on the energy difference between the conduction band Ec 

and its quasi-Fermi level Fn, the majority carrier density is increased at the surface, 

and the phenomenon is called accumulation. The accumulation associated with the 

surface is in thermal equilibrium except at the vicinity of the metallurgical junction. 

Applying a small negative voltage at the gate bends the energy bands near the 

surface upward. This is the depletion case and the majority density is decreasing 

(Fig. 3.3c). This depletion region is termed field-induced depletion region which 

is distinguished from the metallurgical junction depletion region discussed in the 

previous section. Adjusting the gate voltage further negative will bend the energy 

bands at the surface more upward (Fig. 3.3d). When the intrinsic energy level 
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Ei at the surface crosses over the majority quasi-Fermi level Fp on the p-side, the 

minority carrier density at the surface is higher than the majority carrier density, 

and the surface is inverted. This is the inversion case. In both the depletion and 

the inversion cases, thermal equilibrium does not hold and the densities of p and n 

depend on the values of gate voltage, the bias voltage, and the distance from the 

surface. It should be pointed out that the quasi-Fermi levels in Fig. 3.3 at x < 0 

are used as the reference level to relate to the p-side of the junction. 

When the surface under the gate is in accumulation, the dark current will 

be dominated by the tunneling current provided that the electron density close to 

the junction near the surface is significantly large. The tunneling current across the 

depletion region is evaluated by the equation10'13 

q 3 s / m * M e e f f  (  i \  , 0  

J> = ) (3-25) 

where m *  is the effective mass, E g  the energy gap, ee// the effective field across the 

junction given by 
2(Vbi + VR) 

f f ~ wA ' 

The parameter M accounts for geometrical effects and for any net increase in the 

built-in electric field near the surface due to the gate bias. The depletion width near 

the surface WA can be determined from (3.24a), but with the charge density No 

replaced by the surface density n3 when it exceeds the bulk concentration. From 

(3.3), the surface densities of electrons and holes are 

"g(^s - (f>n)' n 3  =  r a j e x p  

p3 = ra;exp 

kT 

q(<f>p-^3y 
kT 

(3.27) 
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where ip3 is the surface potential. It will be shown that the surface potential is a 

function of the applied gate voltage, the work function difference between the metal 

and the InSb n-region, and the charges in the oxide layer. 

When the surface is depleted, both the surface states at the SiC>2-InSb inter

face and the recombination centers in the field-induced depletion region contribute 

to the total dark current. In section 3.2, the analytical expression of generation 

current in the metallurgical depletion region is evaluated by (3.16) or (3.18), de

pending on the magnitude of the applied reverse bias. The generation current from 

the field-induced depletion region can be evaluated by (3.16) or (3.18) with WM 

replaced by Wp, which is the depletion width of the field-induced junction: 

w"Jr$P- (3-28) 

From (3.16) or (3.18) 
n; 2 sinh(^f^) 

Jg,F = Q—WF £T (3.29) 
To Vfti  'bias 

or 

JG,F = Q—WP, (3.30) 
To 

where JG,F is designated as field-induced generation current density. 

The dark current contributed by surface states is related with but differ

ent from the field-induced generation current. The surface states have an effect 

on daxk current only when the surface is in depletion. The dark current from the 

surface states, however, is related to the surface recombination velocity so. The 

work done by Grove and Fitzgerald relates $o with the Schockley-Read-Hall gen

eration recombination rate. Assuming that the interface-trap levels are distributed 
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uniformly within the forbidden gap, the surface generation recombination rate is 

approximated by 

f ^ c  D a t  
•— &3n&sp^th^i I , n jr. \ / p. —P* ^dEgt (3.31) 

p JEv <?snexp(&fi&-) + <r3pexp(^f^) 

in which <r3p and usn axe the capture cross sections for the holes and electrons, 

vth the carrier thermal velocity, Dat the density of surface centers, na and p„ the 

densities of electrons and holes at the surface, and E3t the surface energy states. 

Assuming that Dat is constant at a fixed temperature, the evaluation of (3.31) leads 

to the expression 

U» = sn 0apvth(kTDst)rii. (3.32) 

The common expression of (3.32) is 

Ua — sorii (3.33 a) 

where so is designated as surface recombination velocity, 

"So = ̂  yf&an & spvth(kT D at) (3.336) 

under the condition that the surface is completely depleted of carriers. The dark 

current density due to the surface density is then 

JG,S = qU3 

(3.34) 
= qsorii. 

When the surface is inverted, the G-R current contributed from the interface 

states is negligible, and the surface leakage is mainly due to the recombination 

centers in the depletion region of the field-induced junction, which can be found 

from (3.30). 
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It was mentioned previously that the surface properties of the diode axe 

closely related to the surface potential ifi3. However, the surface potential is related 

with the gate voltage, the work functions of the metal and semiconductor, and the 

charges in the oxide layer by the expression: 

VA-VMA = ̂ . + VOT (3.35) 

in which VQ is the applied gate voltage, VM3 the potential relating the work function 

difference between metal and semiconductor, and VOX the voltage across the oxide 

layer. Equation (3.35) suggests that the difference of VQ and VMS contributes to 

both the voltage across the oxide layer and the semiconductor surface potential. 

Denoting the charge density on the gate by Qg, the charge density in the oxide 

layer by QOX, and the charge density in the semiconductor by QS, the condition of 

charge neutrality requires that 

QG + Qox + Qs — 0- (3.36) 

In addition, the capacitance of the oxide layer COX relates VOX and QG by 

V„ = P-. (3.37) 

From (3.36) and (3.37), (3.35) can be expressed as 

VG - VMA = *!>,- Q°* + Q\ (3.38) 
^OX 

When the surface potential is zero, the applied gate voltage is defined as flat band 

voltage (VFB) in the sense that it "flattens" the energy band in the semiconductor. 

From (3.38), the flat band voltage is obtained as 

VFB = V™ - (3.39) 
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From the depletion approximation, the charge density in the semiconductor can be 

expressed as 

Qs = q(ND - NA)WF. (3.40) 

In the n-type region, 

Qa » qNDWF. (3.41) 

Prom (3.24a), the field-induced depletion width can be written as 

 ̂ (3'42) 

Therefore, Qs can be expressed as a function of surface potential by inserting (3.42) 

into (3.41): 

Qa = y/2e3qND(—i^a), (3.43) 

which is substituted into (3.38) to obtain 

v a - y „ ( 3 . « )  
t-'ox 

The solution of y/—il>3 from (3.44) is 

« AT r-» 
(3.45) ,V^I+ /»_ 4(Vo-VFB) 

The depletion approximation fails when the surface is strongly inverted. One of the 

methods to deal with this case is to use the Poisson equation and the Gauss law 

to solve for Q3.14 However, this detail is not considered here since it is avoided to 

operate the detector array in this region. 

When the surface is in accumulation, the charge density in an n-type semi

conductor is negative, and the surface potential has an expression different from 

(3.45). From (3.27), it can be shown that 

na = JVoexp (#)• <"•> 
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Combining (3.24b) with (3.46), the depletion width near the surface Wa is found to 

be 
/ sttli \ 

(3.47) W.-W**p( - f t )  

and the abrupt junction approximation gives the chaxge density in the semiconduc

tor as 

Qa = —{na - ND)qWs. (3.48) 

Inserting (3.46) and (3.47) into (3.48) obtains, 

Qs = -ND 
* (" Wi,exp 1 -Ife) *• (3.49) 

Further combining (3.38) with (3.49) results in the expression 

ND [exp(^r) - 1 W^exp q 
VQ — VFB = i>s + (3.50) 

Assuming Vo — VFB ^ the surface potential is found from (3.50) to be 

\(VG-VFB)C0X] 
^3 —.sink-1 

2 NoqWM 
(3.51) 

which is plugged into (3.46) to result in 

'2sinh~x ((VG -VFB)COX) 
na = ND^Xp (3.52) 

2NoqWM 

Up to this point, the surface and bulk effects contributing to the dark current of 

a detector have been considered, and the analytical expressions of these effects in 

terms of the current as well as the other parameters have been developed. In the 

next chapter, the calculations will be carried out, and the experimental results will 

be discussed. 
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CHAPTER FOUR 

THEORETICAL AND EXPERIMENTAL RESULTS 

4.1 Introduction 

It was established theoretically in Chapter 3 that the dark current of a 

detector is mainly due to surface states, band-to-band tunneling effects, or G-R 

centers from metallurgical and field-induced junctions. The dark current measured 

is consistent with the theory developed when the detector temperature is above 

the mid-40 K region, but below this temperature the experimental results start 

to deviate from the theoretical predictions. In order to explain the deviation, an 

empirical intrinsic carrier concentration for InSb is developed in Section 4.2. Section 

4.3 and Section 4.4 present the calculated dark current components by using the 

empirical intrinsic carrier concentration and the analytical expressions in Chapter 

3. In section 4.5, the experimental dark current is discussed and compared with the 

theoretical one. 

4.2 Intrinsic Carrier Concentration of InSb 

intrinsic carrier concentration of a semiconductor is one of the most impor

tant internal properties because it determines the concentrations of electrons and 

holes in the semiconductor. It is commonly abbreviated as rii and expressed as15 

(4.1) 
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In 1957, the experimental results on the intrinsic Hall coefficient and intrinsic con

ductivity in InSb as functions of temperature were obtained by Putley, from which 

he found that16 

valid between 300K and 180 K. Ten years later, it was stated by Willardson and 

Beer that the exact value at 77K was not available.17 Although an expression similar 

has been applied at the temperature of 7K,2 the validity of the expression at low 

temperatures has not been established. 

In March of 1987, A. M. Fowler et. al4 published extensive experimental 

results evaluating the performance of an InSb array versus its operating tempera

ture. One of the interesting results presented was the measurement of dark current 

shown in Fig. 4.1. The solid line is the expermental result, while the added dashed 

(4.2) 

to (4.2) 

(4.3) 

o Theoretical value 
with existing n,-

x Experimental value 

.1 

\ 
A 

IOOO/T (*K ') 

Fig. 4.1 Plot of the dark current versus temperature 



line is the calculation result obtained by using (3.18) and (4.3). As Fowler et. al 

point out, the G-R current dominates the dark current down to the mid-40 K region, 

which is confirmed by the theoretical calculation. It is suggested that below the 

mid-40 K region, the other sources such as band-to-band tunneling, tunneling in 

the surface region, and surface leakage due to surface states, will dominate the daxk 

current.2 The quantitative analysis from Chapter 3, however, does not support the 

suggestion. 

First of all, it is found from (3.25), with W& replaced by WM, that the 

tunneling current density in the metallurgical junction is less than 10-34>i/cm2 even 

when the reverse bias voltage is at 0.3V. Secondly, (3.25) also shows that the surface 

tunneling will not dominate until the conduction band of the n-type InSb near the 

surface is significantly bent toward the quasi Fermi level of the electrons, which is not 

the case for Fig. 4.1. Finally, the contribution of surface states to the daxk current 

is dependent upon the intrinsic carrier concentration as well. The maximum surface 

recombination velocity, indicated by Schoolax and Tenescu, is around 104cm/sec, 

which gives the maximum dark current density of 4.8 x 10-16 A/cm2 at around 30K.1 

Compaxed with the current density in the tenths of pA/cm2 range, this maximum 

value is negligible. 

The dark currents measured in this research, unfortunately, are all at tem

peratures below the mid-40 K region. It is therefore a major concern to determine 

the type of dominant current. Another possibility is that the daxk current at the 

temperature concerned is not from the detector array itself, but from the readout 

circuit shown in Fig. 2.3. No experimental data axe available to be referenced on a 

baxe DRO circuit, which could possibly be used to identify the source of the daxk 

current. However, it is believed that the dark current is due to the axray itself 

for two reasons. One is that the daxk current depends on the reverse bias voltage 
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applied,4 and the other is that the dark current is also gate voltage dependent. This 

dependence will be discussed in detail later on. 

It has been argued that tunneling current is not dominant at low tem

perature when the surface is not in strong accumulation, and that surface- state 

generated current can not explain the dark-current measurement in Fig. 4.1 using 

the existing n,- expression. However, the dependence of dark current on reverse 

bias voltage at low temperature4 suggests that G-R current plays a significant role 

there. Furthermore, the dependence of dark current on gate voltage supports the 

suggestion. 

If it is true that the G-R current dominates at low temperatures, the in

trinsic carrier concentration from (4.3) needs to be modified to evaluate the dark 

current. Equations (3.16) and (3.18) are examined to support the above statement. 

These equations show that the dependence of effective carrier life time TQ on de

tector temperature is equally important as that of n,-, so the relationship between 

detector temperature and ro should be investigated. As indicated by Schoolar and 

Tenescu, ro can be approximated using 

To = y/Tp0Tno (4.4) 

for symmetrical junctions. For nonsymmetrical junctions, TQ is determined 

experimentally.1 However, (4.4) can be used as a reference value compatible with 

ro. Therefore, the temperature dependence of To can be qualitatively determined 

from that of the minority carrier life times TPO and r„o. Both the calculated and 

experimental results indicate that minority carrier life times in InSb are almost con

stant in the temperature region considered here, for the condition that the doping 

concentration is fixed.18 It is reasonable to assume that the effective life time is also 

temperature independent in the temperature region of interest. 
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It is often attempted to deduce the intrinsic carrier concentration from the 

Hall coefficient at low temperature from 

m = 
RHqy/c 

(4.5) 

for an n-type semiconductor, in which c is the ratio j. However, (4.5) is not 

applicable when c is large, which is the case encountered. The failure to find n,-

from the Hall coefficient forces utilization of an alternative method: evaluating n,-

from Fig. 4.1, based on the argument that the solid curve is due to the G-R current 

from the metallurgical junction depletion region. It is noticed from Fig. 4.1 that 

the temperature dependence of dark current becomes much weaker in temperatures 

below the mid-40 K region. At very low temperature, it is possible that the dark 

current is constant. By fitting the solid curve in Fig. 4.1, an empirical expression 

for intrinsic-carrier density has been obtained as 

7i =1.044 x 1014T*exp + 140Tf exp 

+ 270r"exp +3200, 

where 7,• designates the empirical carrier concentration to distinguish (4.6) from 

the existing intrinsic carrier concentration expressions such as (4.2) and (4.3). The 

energy gap in (4.6) is determined experimentally. The latest result shows that 

E,(T) = E„(0) - (4.7) 

where a = 0.6meV/K,/3 = 500K, and Eg(Q) = 0.235eV.19 The calculations using 

(4.6) and expressions in Chapter 3 will be discussed in the following sections. 
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4.3 Calculation of Dark Current from the Bulk 

It was mentioned in section 3.2 that the diffusion current is negligible at 

temperatures below 77 K. To verify this statement, it is appropriate to present an 

example here. The one-sided abrupt-junction approximation is used since p n, 

i.e. the current density can be approximated by Jp of (3.11a) alone. The Einstein 

relation gives 

_ kT /a a\ 
Dp — 

where \ivo is the mobility of holes in n-InSb and is dependent on the temperature as 

well as on the concentration n.1 At T = 45 K, for example, fipo = 221.7cm2/V • s, 

and rii from (4.3) gives 1.16 x 104/cm3. From (3.11a), the maximum diffusion 

current is about 2.04 x 10~22A/cm? for n = 2 x 1014/cm3. This is indeed negligible 

compared with the current density in the pA range. 

Without considering the surface leakage, it was shown in section 3.2 that 

G-R current dominates the dark current. Equation (3.16) evaluates G-R current 

when the reverse bias voltage applied is comparable with When the bias voltage 

is large compared with only (3.18) is applicable. In the experiments carried out, 

the reverse bias voltage was fixed at 60 mV, which means that (3.18) should be used. 

The effective carrier life time TQ is approximately 3.43 x lO-7^.1 The permittivity 

of InSb is 1.568 x 10~12F/cm. The G-R current as a function of temperature is 

evaluated from (3.18) based on the equations (3.19) to (3.24), and the result is 

tabulated in table 4.1. In the next section, the surface leakage currents will be 

calculated. 

4.4 Calculation of Dark Current from the Surface Leakage 

As indicated in section 3.3, the surface leakage is possibly from surface 

tunneling, from G-R current in the field-induced depletion region, or from surface 
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states at the InSb-Si02 interface. The actual mechanism depends on the band 

bending at the surface, as shown in Fig. 3.3. If the surface tunneling dominates the 

dark current, the field-induced G-R current and the current due to surface states 

axe neglected, and vice versa. 

Table 4.1 The Calculated G-R Current Density at Different 
Detector Temperatures with Bias Voltage at 0.06V 

Temperature JG-R Temperature JG-R 
(K) A/cm2 (K) A/cm2 

20 2.718 x 10" 3 41 5.685 x lO"1 

21 2.751 x 10- 3 42 6.096 x lO"1 

22 2.789 x 10" 3 43 6.672 x 10"1 

23 2.836 x 10- 3 44 7.565 x 10"1 

24 2.891 x 10- 3 45 9.060 x lO"1 

25 2.955 x 10" 3 46 1.168 x 10"1 

26 3.028 x 10- 3 47 1.636 x lO"1 

27 3.112 x 10- 3 48 2.472 x 10"1 

28 3.206 x 10- 3 49 3.946 x lO"1 

29 3.311 x 10- 3 50 6;511 x 10-1 
30 3.429 x 10" 3 51 1.089 x lO-1 

31 3.558 x 10- 3 52 1.823 x lO"1 

32 3.700 x 10- 3 53 3.030 x lO"1 

33 3.854 x 10- 3 54 4.981 x lO"1 

34 4.022 x 10- 3 55 8.081 x 10"1 

35 4.203 x 10- 3 56 1.293 x 10"1 

36 4.399 x 10- 3 57 2.038 x lO-1 

37 4.609 x 10- 3 58 3.169 x 10"1 

38 4.836 x 10- 3 59 7.350 x lO"1 

39 5.084 x 10" 3 60 7.350 x lO"1 

40 5.361 x 10- 3 

The surface tunneling current density can be evaluated by using (3.25) with 

(3.26), (3.52), and (3.24). The effective mass equals 0.0136mo, i.e. 1.239 x-32 kg. 

M has been found to be between 1.1 and 1.5 for the implanted InSb junctions.10 

Table 4.2 shows the calculated results, using M = 1.15, for T = 31k, T = 35K, and 

T = 40K. It can be seen that the surface tunneling current does not depend on 
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temperature significantly. The strong dependence on surface potential is due to the 

effective field in the exponential term in (3.25). 

Table 4.2 The Calculated Surface Tunneling Current Density at 
Different VG — VFB with Bias Voltage at 0.06V 

— VFB Jt Jt Jt 
(V) A/cm2 A/cm2 A/cm2 (V) 

T = 31K T = 35K T = 40K 

0.0 0.000000 0.000000 0.000000 
0.1 0.000000 0.000000 0.000000 
0.2 0.000000 0.000000 0.000000 
0.3 4.683 x 10-29 5.377 x 10-29 6.525 x 10-29 

0.4 1.974 x 10" 22 2.204 x 10-22 2.573 x 10-22 

0.5 7.056 x 10" 18 7.731 x 10-18 8.787 x 10" 18 

0.6 1.349 x 10" 14 1.458 x 10-14 1.626 x 10" 14 

0.7 3.907 x 10" 12 4.180 x 10" 12 4.595 x 10" 12 

0.8 3.167 x 10-10 3.361 x 10-10 3.654 x 10" 10 

0.9 1.049 x 10" -8 1.107 x 10" -8 1.193 x 10" -8 

1.0 1.819 x 10" -7 1.909 x 10" -7 2.042 x 10" -7 

The field-induced junction generates G-R current in the surface depletion 

region, as indicated by (3.29) and (3.30). Inserting (3.28) and (3.45) into these 

equations, the daxk current due to the surface depletion region shown in table 4.3 

is obtained. 

Table 4.3 The Calculated Surface G-R Current Density at 
Different VQ — VFB with Bias Voltage at 0.06V 

? — VFB JG,F JG,F JG,F 
(V) A/cm2 A/cm2 A/cm2 (V) 

T = 31I< T = 35IC T = 40 K 

0.0 0.000 0.000 0.000 
-0.1 1.390 x 10" 13 1.639 x 10" 13 2.084 x 10~13 
-0.2 2.224 x 10" 13 2.623 x 10" 13 3.336 x lO"13 

-0.3 2.882 x 10-13 3.399 x 10" 13 4.322 x lO"13 

-0.4 3.443 x 10" 13 4.061 x 10-13 5.164 x 10"13 

-0.5 3.941 x 10-13 4.647 x 10-13 5.910 x 10"13 

-0.6 4.393 x 10" 13 5.180 x 10" 13 6.587 x 10"13 
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The dark current due to surface states, as given by (3.34), is linearly pro

portional to the surface recombination velocity. The reseaxch from Skountzos and 

Euthymiou shows that so is temperature dependent. The experimental results indi

cate that the maximum so of about 104cm/s occurs around 100K.20 The exact value 

of so depends on surface state density as well as on the surface cross sections. The 

estimated value for this array is about 450cm/s. It is found from (3.34) and (4.5) 

that at detector temperatures of 31K, 35K, and 40K, the dark current density due 

to surface states is 0.3296pA/cm2,0.389'ipA/cm2, and 0.4966p.A/cm2, respectively. 

In order to visualize the results obtained, the components of dark current 

are added to provide the total dark current plotted in Fig. 4.2, which will be 

Table 4.4 The Theoretical Daxk Current Density at Different 
VQ — VFB with Bias Voltage at 0.06V 

VQ — VFB Jd Jd Jd 

00 pA/cm2 pA/cm2 pA/cm2 00 
T = 31K T = 35K T = AQK 

0.8 317.039 336.558 365.976 
0.7 4.263 4.600 5.131 
0.6 0.369 0.435 0.552 
0.5 0.356 0.420 0.536 
0.4 0.356 0.420 0.536 
0.3 0.356 0.420 0.536 
0.2 0.356 0.420 0.536 
0.1 0.356 0.420 0.536 
0.0 0.356 0.420 0.536 

-0.1 0.825 0.973 1.241 
-0.2 0.908 1.071 1.367 
-0.3 0.974 1.149 1.465 
-0.4 1.030 1.215 1.549 
-0.5 1.080 1.274 1.624 

compared with the experimental results illustrated in the next section. The sum of 

the components is listed in table 4.4. 
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4.5 Experimental Results 

The geometry of the array with its cross sectional view is shown in Fig. 2.1. 

The simplified top-side view of the array is shown in Fig. 4.3 to help the discussion 

of dark current measurement. It has been found that the dark current is not uniform 

throughout the array, and this nonuniformity is a function of the gate voltage, which 

is the same for all the detectors in the array. Three of the typical regions in the 

array are selected to illustrate the problem. Region 1 represents the central portion 

of the array, and region 2 represents the edges of the array. Although region 3 

occupies the equivalent geometrical location as that of region 2, its minimum dark 

current is considerably larger than that at other locations. In table 4.5, the dark 

currents at different locations are listed. The results were obtained by varying the 

gate voltage at various detector temperatures. 

The phenomenon of different magnitudes of dark current at different loca

tions in the array tinder the same applied gate voltage is due to the nonuniform 

distribution of the charges within the oxidation layer. The charges are generally 

positive, which is confirmed by the experimental results in table 4.5. It can be de

duced from table 4.5 that the charge density in region 1 is significantly smaller than 

that in the other two regions. When the gate voltage is in the vicinity of -3.7V, for 

example, region 1 is in weak accumulation, and G-R current from the metallurgical 

junction depletion region dominates. Meanwhile, the other two regions are in strong 

accumulation due to the larger oxide charge density, and the surface tunneling cur

rent dominates. If the image of the array is displayed, one will see bright edges 

and a dark center region in the image. When the gate voltage is in the vicinity of 

-4.0V, all three regions are in weak accumulation and the dark current is reasonably 

uniform on the array. When the gate voltage is further decreased, region 1 moves 
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Fig. 4.3 Simplified Back-Side View of the Array 



into the field-induced depletion mode, but the other two regions are still in the 

weak accumulation. Because of the surface states and G-R centers in the surface 

depletion region, the dark current in region 1 is larger than that in region 2 and 

region 3. This is shown in table 4.5 when the gate voltage is about -4.3V. When 

the image of the array is displayed, a bright spot will appear at the center. 

Table 4.5 The Experimental Dark Current Density at Different 
Locations on the Array with Bias Voltage at 0.06V 

VG J dark (Region 1) J dark (Region 2) J dark (Region 3) 
(-V) pA/i cm2 pA/cm 2 pA/cm2 

(31K) (35K) (40K) (31K) (35K) (40K) (31K) (35K) (40K) 
3.66 0.70 0.74 21.51 36.32 28.67 4.73 
3.76 0.70 0.74 3.34 11.03 6.63 17.01 
3.86 0.70 0.75 0.91 2.10 1.98 4.37 
3.96 0.65 0.71 0.78 0.71 0.73 0.83 0.97 1.10 1.57 
4.06 0.64 0.70 0.77 0.70 0.73 0.80 0.87 1.03 1.04 
4.16 0.72 0.71 0.83 0.71 0.73 0.79 0.89 0.95 1.00 
4.26 0.74 0.69 1.22 0.71 0.73 0.79 0.87 0.93 1.00 
4.36 0.66 0.99 1.92 0.70 0.72 0.75 0.87 0.93 1.00 
4.46 0.81 1.50 2.44 0.70 0.72 0.75 0.87 0.93 1.00 

It is noticed from table 4.5 that the minimum dark current in region 3 

is larger than that in the other two regions. In terms of the detector layer, two 

possibilities might cause this problem. One is that the doping density in region 3 is 

somehow higher than that in the other two regions, which will result in the wider 

depletion region width in region 1, hence producing larger G-R current density 

there. The other is that the detector area in region 1 is larger. In this case, the 

dark current density will not be affected, but the dark current will be larger. In 

addition to the possible causes from the detector layer, the larger magnitude of dark 

current in region 3 might be an avalanche emission from the output transistors, as 

indicated by Fowler et. al.4 



It was concluded from dark current measurements that the different mag

nitudes of dark current in the array were due to the nonuniform distribution of the 

oxide charge density in the oxide layer. However, the causes for this nonuniformity 

are not investigated because little information is available in terms of the array 

processing. In addition, the mechanism for the production of positive oxide charge 

is not understood, as indicated by Nicollian and Brews.21 

It is seen in section 3.3 that the surface potential tj>3 is expressed in terms of 

the difference between the gate voltage applied and the flat-band voltage. In theory, 

the flat-band voltage is determined by the work functions of the metal and InSb 

and by the oxide charge density, as indicated by (3.39). In practice, the flat-band 

voltage is determined experimentally, for example, from the C-V measurement of 

a MOS capacitor, then the oxide charge density is deduced. In the evaluation of 

the surface potential, only the flat-band voltage is of interest. Therefore, the actual 

value of oxide charge density and work function difference between the Aluminum 

used as gate and InSb will not be evaluated. 

In this research, the flat-band voltage is approximated from the dark current 

measured as gate voltage is varied. From section 4.4, it is seen that the surface 

state density and G-R centers in the field-induced depletion region contribute to 

the total dark current immediately after the surface is depleted. In addition, it is 

shown in table 4.4 that the surface tunneling current will not be significant until 

the surface is in strong accumulation. Based on the information described, the 

flat-band voltage will be at the gate voltage after which the dark current increases 

steadily. The difference between gate voltage and flat-band voltage at this point 

is zero. In table 4.6, the data from table 4.5 are reorganized to relate the dark 

current density with the difference between gate voltage and flat-band voltage. The 

dark current densities from region 1 and region 2 are plotted in Fig. 4.4. No single 



region can cover the whole range of Vg — Vfb needed because of the different flat-

band voltages at different regions. At 31K, dark current was not measured beyond 

Vg - VFB = 0.5V. 

Table 4.6 The Experimental Dark Current Density at Different 
Locations on the Array with Bias Voltage at 0.06V 
and VG — VFB as a Parameter 

VG— J dark (Region 1) Jdark (Region 2) Jdark (Region 3) 
VFB pA/crn2 pA/crn 2 pA/crn2 

00 (31K) (35K) (40K) (31K) (35K) (40K) (31K) (35K) (40K) 
0.80 

(31K) (35K) 
21.51 36.32 28.67 44.73 

0.70 3.34 11.03 6.63 17.01 
0.60 0.91 2.10 1.98 4.37 
0.50 0.71 0.73 0.83 0.97 1.10 1.57 
0.40 0.70 0.74 0.70 0.73 0.80 0.87 1.03 1.04 
0.30 0.70 0.74 0.71 0.73 0.79 0.89 0.95 1.00 
0.20 0.70 0.75 0.71 0.73 0.79 0.87 0.93 1.00 
0.10 0.65 0.71 0.78 0.70 0.72 0.75 0.87 0.93 1.00 
0.00 0.64 0.70 0.77 0.70 0.72 0.75 0.87 0.93 1.00 
-0.1 0.72 0.71 0.83 
-0.2 0.74 0.69 1.22 
-0.3 0.66 0.99 1.92 
-0.4 0.81 1.50 2.44 

Results shown in Fig. 4.4 illustrate the anticipated theoretical behavior 

explained in Chapter 3. However, after comparison with Fig. 4.2, some differences 

between the two should be discussed. First of all, it is noticed that the minimum 

dark current in the experiment is larger than that in theory. This difference 

could possibly be caused by residual radiation background in the test dewar and the 

leakage through the gate oxide.4'2 The deviation of approximated effective carrier 

life time from the actual value will cause the same phenomenon. Secondly, the dark 

current measured suggested that the surface-state generated current is negligible 

at 31K, and becomes significant at higher temperatures. This might be due to the 
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fact that the surface recombination velocity depends on the temperature. Thirdly, 

although the magnitude of dark current between experiment and theory in the 

depletion region is of the right order, the variation of dark current with respect to 

the difference between gate voltage and flat-band voltage differs. In Fig. 4.2, the 

rapid increase of dark current density at the beginning of surface depletion is due to 

the assumption that the surface state density is constant. In practice, it has been 

reported that the surface state density varies with the surface potential.10 In the 

analytical model established in Chapter 3, this variation is not considered because of 

the difficulty in evaluating the integral (3.31). More importantly, the experimental 

result on variation of surface state density with respect to surface potential for this 

array is not available. In spite of the problem described, the constant surface state 

density approximation agrees with experimental results within a factor of two. 
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CHAPTER FIVE 

CONCLUSIONS 

It has been demonstrated that a 1-D analytical model of dark current for 

gate-controlled InSb PV array characterizes the experimental dark current reason

ably well provided that the effective intrinsic carrier concentration is treated em

pirically. The importance of applied gate voltage for optimization of the surface 

potential of the detectors in the array has been realized. The components of dark 

current such as the G-R current from the metallurgical junction or field induced 

junction, surface-state generated current, and surface tunneling current have sig

nificant impact on the dark current measured. In addition, it .has been illustrated 

that a plot of dark current versus VQ — VFB can be used to indicate the dominant 

component of dark current at the gate voltage applied. It is suggested both analyt

ically and experimentally that it is desirable to operate the array when most of the 

surface is not strongly accumulated. Under this condition, surface-state generated 

current is eliminated, the effect of nonuniform distribution of charges in the Si02 

layer can be minimized, and the surface tunneling current is negligible. 
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