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ABSTRACT 

Electrical trim techniques for reducing the value of a 

trimmable single crystal silicon resistor (trimistor) are 

presented. Computer-controlled current pulses are used to 

incrementally decrease the value of the trimistor through 

metal/silicon alloying. Variations of both single and 

multipulse current pulses are investigated. Physical 

mechanisms, based on electron microscopy of trimistors trimmed 

under various conditions, are hypothesized to explain the 

observed trim behavior. Threshold currents are dependent on 

the initial value of the resistor, the applied current density 

and the trim method. The electrical trim technique for a 

single trimmable resistor element is optimized. The final 

resistance values of the trimmed trimistors are shown to be 

stable provided that a current at or above the threshold 

current is not applied thereafter. The performance of both N+ 

and P+ trim resistors is evaluated over temperature and 

accelerated operating life. 
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1.0 INTRODUCTION 

In many analog integrated circuits severe requirements are 

imposed on the electrical parameters. The minimization of the 

voltage offset of a precision operational amplifier is such an 

example. In order to achieve high accuracy beyond the limits 

of process control, after-package trimming of the circuit 

elements is necessary. One common method of adjusting the 

electrical parameters of mismatched devices in integrated 

circuits due to processing variations is resistor trimming. 

A new analog resistive trim element (trimistor) that can be 

incrementally reduced in value by controlling the length of 

Al/Si filaments formed by an alloying process was developed 

[1-5]. This trimistor, when used in combination with circuit 

techniques, makes in-package trim for almost any integrated 

circuit possible, even when all package pins are used for 

other functions. This trim technique is currently used to 

trim the input offset voltage of precision differential 

ampifiers [6-7]. 

The primary purpose of this research project is to improve the 

precision of the trimistor during trim and to minimize the 

annealing effects over operating life by optimizing the trim 

program used at final test. The results of several trim 
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methods will be discussed. 

Resistors trimmed using multiple computer-controlled current 

pulses were characterized by monitoring the resistance after 

each pulse. Resistors used in this characterization were 

trimmed from 55 to 10 ohms; however, the focus of the 

optimization was on trimming down to 50 % of the initial value 

of the trimistor. Normalized resistance versus current (RI) 

characteristic trim curves were plotted and compared. 

The temperature coefficient of resistance (TCR) of both N- and 

P- type diffused resistors were determined. The temperature 

coefficients of untrimmed and trimmed resistors were evaluated 

during an accelerated 1000 hour operational life test. 

1.1 STANDARD TRIM METHODS 

To obtain a high degree of accuracy after wafer fabrication, 

it has been common practice to use one of the following trim 

techniques: laser trim, zener zapping or fuse blowing. 

Laser trimming of thin film resistors induces stresses that 

are caused by localized heating on the wafer and results in 

accuracy errors [1, 2]. This method is process (through-put) 

limited and requires a large capital equipment investment. 
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Therefore, this method should only be used for situations when 

accuracy and temperature coefficient requirements warrant its 

use. 

Zener zapping is die-area intensive and offers only 

incremental binary error reduction at the wafer level [1]. 

The diodes are placed across binarily weighted segments of a 

resistor string oriented such that the zeners are reverse 

biased. To remove a resistor segment, the zener is short-

circuited by passing a very high current through it. Circuits 

using this trim technique require much more circuitry and die 

area than circuits using trimistors. 

Fuse blowing, in which metal links short-circuiting each 

resistor segments can be vaporized with current-pulses in 

order to add to the value of the resistor, can rupture the 

passivation glass. This can result in long-term reliability 

problems. 

The precision of integrated circuits is usually limited by 

packaging effects. Although wafer-level trimming techniques 

have been developed to eliminate processing variations, heat 

treatment in the packaging and the assembly process can induce 

errors in the resistance values due to stress-related piezo-

resistive effects [2]. Thus, some of the accuracy achieved 
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during the trim process at wafer probe will be lost. Ideally, 

the ultimate precision will result when all parametric 

adjustments occur after packaging. 

1.2 A HEW TRIM TECHNIQUE 

The accuracy of many differential systems, such as operational 

amplifiers, depends on resistor ratios or resistor 

differences. A new, low-cost method of trimming diffused 

resistors on monolithic integrated circuits with minimal 

circuitry and die area has been developed [1-7]. 

The current-controlled, analog resistive trim element, or 

trimistor (given the trade name ZIP* R by Motorola) is reduced 

in resistance value by the controlled growth of a conductive 

Al-Si filament formed by aluminum-silicon alloying. The 

resistive element is trimmed by applying current pulses to the 

packaged device at final test. When the amplitude of the 

pulse reaches a threshold current (300 mA for the N+ 

resistor), the resistor starts to trim, forming a conductive 

Al-Si alloy filament which grows in the direction opposite to 

that of the electron flow. Filament generation and length are 

controlled by the pulsed current amplitude, pulse width and 

the number of pulses applied to the element. As filaments 

grow along the length of the resistor body, conductivity 
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increases and the resistor value decreases. 

The resistive trim element has been fabricated in both N- and 

P- type diffused resistors. The basic component of a 

trimistor is a conventional fixed value diffused resistor. 

The initial value of the resistor is defined by the length, 

width, geometry, and the sheet resistance of the diffused 

resistor body. 

The resistive trim element was manufactured using a standard 

bipolar process. The N+ trimistor, Fig. 1, was diffused into 

its own N-epi tub region with a standard emitter diffusion. 

The sheet resistance of the N+ trimistor was 6 ohms/sq. 

Similarly, the P trimistor, Fig. 2, was diffused into its own 

N-epi tub region with a standard base diffusion. The sheet 

resistance of the P trimistor resistor was 125 ohms/sq. 

The trimistor trim element was designed with large tapered 

ohmic contacts at each end and equally spaced parasitic 

contacts along its length, Fig. 1 and 2. These contacts added 

along the length of the resistor body are deemed "parasitic", 

because they are not used to make electrical contact. Their 

sole purpose is to supply more aluminum to the system for the 
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trimming process. The Al-Cu (1.5% Cu) metallization layer was 

deposited by chemical vapor deposition. For resistors greater 

than 8 ohms the "parasitic" contacts were necessary to 

facilitate trimming, because there was a limited source of 

metal. Fig. 3 shows the layout of an 80 ohm N+ trimistor and 

a 500 ohm P trimistor. 

The trim method and mechanism are shown in Fig. 4. The 

resistive trim is done by applying multiple current pulses to 

the trimistor. All ohmic contacts are designed to maximize 

the current density and local temperature in the center of the 

resistor body. 

Filament generation and length are controlled by the pulsed 

current amplitude, pulse width, and the duration of the pulse 

applied to the element. The parasitic contacts supply the 

aluminum to the system for the formation of the filaments. 

The close spacing of the parasitic contacts keeps the filament 

lengths short. 

A photomicrograph of a fully trimmed trimistor element is 

shown in Fig. 5a with the Al-Si filament visible between all 

ohmic (parasitic) contacts. A photomicrograph of a 90 degree 

crosssection of the same element is shown in Fig. 5b. The Al-

Si filament can be seen below the undisturbed thermal oxide 
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Fig. 3. The layout of actual trimistors showing parasitic metal contacts, 
a) 80 ohm N+ trimistor b) 500 ohm P+ trimistor. 
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Fig. 4. The analog resistive trim structure (trimistor): a) top view of 
the basic structure showing the ohmic contacts which are designed 
to maximize the current density, b) Side view of the basic structure 
showing the Al/Si filaments within the trimistor body. 



Fig. 5a. Photomicrograph of the trimistor. Top view of a fully 
trimmed element showing Al/Si filaments between all ohmic 
contacts. 



(b) 

Fig. 5b. Photomicrograph of the trimistor. Cross-sectional view 
showing Al/Si filaments within the trimistor body. 
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layer, within the N+ resistor body and above the N+/N-ePi 

junction. 

TRIM OPTIMIZATION OBJECTIVES: 

The objective of this research is to optimize the trim method 

of a single filament under the following conditions. 

1. To minimize large unexpected changes in resistance 
during the trim. 

2. To linearize the change in resistance versus trim 
current. 
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2.0 MECHANISM: PHYSICAL FORMATION OF THE ALLOY FILAMENT. 

The physical phenomenon that causes the formation of the 

conductive filament and its growth was investigated. Scanning 

and transmission electron microscopy were used to study the 

mechanisms involved in the generation of the Al/Si filament 

for light-versus-heavy trim, and single-versus-multipulse 

experiments. The conclusions drawn from this investigation 

were used where applicable to improve the trim methodology 

discussed in section 3. 

In order to analyze the physical behavior of the resistive 

trim element it was decided to study the filament formation 

under different conditions. A comparison was made of light 

trim (a 10% reduction in the initial resistance value) versus 

heavy (90%) trim for both a single pulse and multiple pulses. 

The matrix for this study is shown in Table 1. Resistive trim 

elements, trimmed according to the specification for each of 

the matrix conditions, were cross-sectioned. The scanning 

electron microscope (SEM) and the transmission electron 

microscope (TEM) were used to characterize the devices. These 

micrographs were studied to hypothesize the mechanisms 

involved in the trimming process and to provide feedback for 

improving the trim process. 



TABLE 1. TRIM EXPERIMENT MATRIX 

SINGLE MULTI LIGHT HEAVY TRIM NUMBER OF 

PULSE PULSE TRIM TRIM CURRENT, mA PULSES 

X X 550 1 

X X 300 ! 

X X 450-550 50 

X X 500-800 50 
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The results were as follows: 

1. The copper present in the metal of the parasitic 
contacts is also present in the filaments (Fig. 6). It 
migrates along with the aluminum from the metal contacts 
into the filament. This was determined by energy 
dispersive x-ray spectrocopy (EDX) analysis. 

2. Analysis of the diffraction patterns showed the 
silicon in the filament to be single crystalline. 

3. Large amounts of silicon were present at the anode (+) 
end contact of the device, as would be expected from 
classical electromigration for a non-trimmable resistor. 
This was determined by energy dispersive x-ray 
spectroscopy (EDX) analysis. 

4. The amount of silicon increases from the cathode (-) 
to the anode (+) in each parasitic contact. 

5. The silicon patterns, such as the "Silicon Tree" 1 , 
seen in the parasitic contacts arise from the mass 
diffusion of silicon driven by concentration gradients. 

6. The devices trimmed using multiple pulses displayed a 
less uniform filament than the ones trimmed by a single 
pulse (Fig.s 8a and 8b). 

MECHANISMS 

The three steps involved in the formation of the trimistor 

filament are: Joule heating, filament growth and rapid normal 

freezing [10]. The filament was formed as a result of the 

1 After trimming, the trimistor cools and the aluminum in 
the parasitic contact becomes supersaturated with silicon. 
The silicon precipitates. The radial pattern of silicon 
precipitate shown at the edge of the preohmic (the Al/Si 
contact interface) typically appears in a tree-like formation 
(Fig. 7). This tree-like formation shall be referred to as a 
silicon tree. 



Fig. 6. SEM micrograph showing the distribution of copper (bright 
white spots) in the metal of the parasitic contact and in the filament. 



Fig. 7. SEM micrograph of a typical trimistor showing the parasitic 

contacts and a "Silicon Tree." 
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Fig. 8a. SEM micrograph showing filament of a device heavily trimmed with 
multiple current-pulses. Texture indicates that the silicon is not uniformly 
distributed. 
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Fig. 8b. SEM micrograph showing filament of a device heavily trimmed with 
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Joule heating raising the temperature at the interface, 

causing the aluminum and silicon to alloy. The Al/Si alloying 

process occurs due to diffusion as a result of both 

temperature and concentration gradients [10, 12]. Vacancies 

(voids) also play a role [11]. In addition the orientation of 

the trimistor with respect to the crystal orientation of the 

silicon substrate was found to be critical to the trim 

process. 

When small-duty (10% to 30%) high-current pulses were applied 

across the end contacts of the resistor, Joule heating caused 

the metal/silicon interface to change from the solid to the 

liquid state. No electrical connection was made to the 

parasitic contacts. The parasitic contacts simply provided a 

source of aluminum for the alloying process. 

During trim, some electrons travel the path of least 

resistance through the metal in the parasitic contacts and 

parallel to the electrons moving through the silicon. The 

thermal effect can be heightened by designing the contacts to 

increase the current density and the temperature through the 

center of the resistor from one end to the other end. The end 

contacts are tapered and the parasitic preohmics (6 um 

diameter openings through the oxide/nitride layers) were based 

on minimum geometry design rules. 
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The temperature is highest in the center of the resistor; 

therefore, the trim effect is observed at the center parasitic 

contact first (i.e. light trim or 10% trim) and then the 

filament progressively extends outward from the center to the 

other parasitic contacts if further trimming is required (i.e. 

heavy trim cr 90% trim) . Based on the Arrhenius relationship, 

the higher the temperature, the greater the number of 

vacancies that are present, and the faster the rate of 

diffusion (proportional to exp(-l/KT) ) [13-15]. 

Thermal energy is directly related to the amount of power 

dissipated. Since power is proportional to the square of the 

current and is linear with respect to resistance, the Joule 

heating effect is proportional to the square of the current. 

Thus the effect of current crowding at the parasitic contacts 

becomes very significant. 

The filament was observed to grow away from the Al/Si 

parasitic contact into the N+ doped silicon substrate below 

the thermal oxide and above the N+/N- junction, and down the 

length of the resistor body in the direction opposite to that 

of the electron flow. The oxide or passivation layers above 

the filament remained undisturbed (Fig.s 5a and 5b). 

In order to understand this process, it is necessary to refer 
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to the binary phase diagram for Al-Si (Fig. 9) . Following the 

phase diagram, as the temperature rises, the amount of silicon 

that can dissolve within each aluminum contact increases. 

The affinity of A1 to dissolve silicon increases as the 

temperature increases. The solid solubility of A1 in silicon 

is 100 times less than that of silicon in Al. The aluminum 

dissolves silicon until saturation is reached at the 

temperature determined by the liquidus line (solubility curve) 

on the phase diagram. 

Aluminum is a solvent for silicon in both the solid and liquid 

state [11]„ in the solid state, the maximum amount of silicon 

that can dissolve within aluminum is 1.65 wt. % at 577 degrees 

Celsius (the Al-Si eutectic point). However, just beyond this 

temperature, the solubility for silicon suddenly increases to 

11.3 wt. %. Since the aluminum in the trimistor has access to 

an almost unlimited supply of silicon, the aluminum will 

dissolve as much silicon as necessary to reach its 

thermodynamic equilibrium concentration. 

The amount of silicon that can dissolve within each aluminum 

contact is not only dependent upon the temperature, but also 

on the quantity of thermally activated aluminum in contact 

with the silicon. The larger the quantity of thermally-
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activated aluminum, the larger the quantity of total silicon 

required to reach the solubility limit. The parasitic Al 

contacts provide ample Al for the filament to grow. 

The distance these Si atoms travel through the filament and up 

into the parasitic contact depends on concentration and 

temperature gradients (i.e. temperature gradient zone melting 

or TGZM) [12], [16-19], the duration of the current pulse, the 

thermal time constant of Si and the time between pulses. 

As the magnitude of the pulse-current was incremented, Joule 

heating caused the temperature of the metal in the parasitic 

contact and the filament alloy to increase and become 

defficient in silicon. Thus the aluminum dissolves more 

silicon from the resistor body. At the same time, silicon 

diffuses from the negative end of the filament to the positive 

end of the filament due to the concentration gradient. The 

molten aluminum replaced the newly dissolved silicon (filling 

voids), causing the filament to extend from the parasitic 

contact to the negative terminal, growing in the direction 

opposite to that of the electron flow. 

After the trim pulses have stopped, the alloy cools very 

rapidly as the thermal gradient zone (ie. the filament) has a 

small mass compared to the bulk silicon which has a very high 
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thermal time constant. This means that the filament cools so 

quickly that normal epitaxial growth cannot take place. Thus 

silicon beyond the solid solubility limit is trapped in the 

parasitic contact and the filament upon solidification. 

This was verified by chemical analysis (Appendix A) of a 

crosssectioned trimistor. The "Silicon Tree", shown earlier 

in Fig. 7, shows silicon which precipated in a tree-like 

formation upon cooling. 
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3.0 SINGLE ELEMENT TRIM 

Unlike the electrical trimming of a heavily doped polysilicon 

resistor [22] in which its resistance value can be increased 

or decreased, the electrical trimming of diffused single 

crystalline resistor is uni-directional. Applications of 

high-current pulses to the trimistor can only be used to cause 

a net decrease in the resistance value. Uni-directional 

trimming of a single-trim element will be referred to as 

singular mode trim. Complete characterization of both the 

trim element and the method of trimming is required if this 

element is to be used in the singular mode. The trim 

phenomenon is uni-directional, and if the targeted resistance 

value is missed, there is no practical way to increase the 

resistance of the element. A means of quantifying the 

magnitude of the change in resistance that occurs with each 

current pulse must be found. Trim variables were studied and 

the trim routine (i.e. the trim program) was optimized to 

minimize the change in resistance per pulse, to shift or 

eliminate the discontinuities, and to attempt to smooth out 

the RI (normalized resistance versus pulse-current amplitude) 

trim characteristic curve. 

The RI trim characteristic curve of a typical trimistor is 

shown in Fig. 10. The resistance value of the trimmed 
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device was normalized to the resistance value of the untrimmed 

device (approximately 53 ohms for the N+ device) and plotted 

against the amplitude of each successive current-pulse. 

Square symbols delineate actual data points. This RI 

characteristic trim curve was obtained using a 3 ms pulse and 

an elapsed time-between-pulses of 250 mS. 

A corresponding bar graph of the changes in resistance (delta 

Rs) versus pulse-current amplitude is shown in Fig. 11. The 

change in resistance was determined by subtracting the 

resistance value resulting from the last pulse from the 

resistance value resulting from the previous pulse. The 

positive scale on this figure represents a decrease in the 

magnitude of the resistance value of the trimistor. 

Note that the RI trim characteristic curve has two distinct 

regions separated by a transition in which the resistance 

value of the trimistor changes sharply as the result of one 

particular current pulse (Fig. 10) . It would have been 

impossible to trim to a resistance value between 63 % and 79 

% of the initial value. This sharp change in resistance (Fig. 

10) corresponds to a delta of 8.3 ohms (Fig. 11) or 15.7 % of 

the total trim range. 

The operational amplifier trim routines currently used in 
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production tend to trim past the transition region and use the 

second half of the RI trim characteristic curve. Although 

this works for differential operational amplifiers, this kind 

of RI trim characteristic is unacceptable for a single 

trimistor. 

3 .1 EXPERIMENTAL PROCEDURE 

3.1.1 TRIM VARIABLES 

Several trim techniques were investigated in order to optimize 

the RI trim characteristic curve and to identify and study the 

effects of various trim parameters on the RI characteristic 

trim curve. The following trim variables were studied: 

Pulse Width (PW) 
Time Between Pulses (TBP) 
Pulse-Current Increment (INC) 

(1) Fixed (2) Algorithm 
Initial Pulse-Current Amplitude (CO) 
Preheat (using constant current), and 
Variations of the above variables during the trim operation. 
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3.1.2 TEST SYSTEM 

The metal/silicon alloying trim operation was implemented 

using Motorola's Dedicated Test System (DTS), a computer 

controlled final test system. The DTS voltage source was 

programmed to generate a specified current (250 mA or greater) 

across the resistive trim element for a specified time. The 

amplitude of the pulse-current used to trim the trimistor was 

at least 100 times greater than its normal operating current. 

An IBM PC (personal computer) was directly linked to the 

dedicated test system in order to present the data in 

graphical form. A communications software package, SOFTERM, 

was used to capture the input/output (I/O) file created by the 

test program. The I/O file was then uploaded into LOTUS and 

the results were plotted. 

3.1.3 SINGLE PULSE TRIM INVESTIGATION 

Comparison of the SEM's for single-pulse trim versus 

multipulse trim (Fig. 8a & 8b) showed that the filament 

composition was more homogeneous in the single-pulse trim 

case. This suggests that single pulse trim may be superior to 

multipulse trim in terms of burn-in performance. A non-

homogeneous filament is much more likely to redistribute its 
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atoms under burn-in conditions due to thermal migration than 

a filament with a homogeneous composition. 

3.1.3.1 TEST SETUP 

The hypothesis that the final resistance of a trimmed 

trimistor would be a function of the pulse-current amplitude 

and the length of the single pulse was investigated. N+ 

trimistors were trimmed for a specific time at a specified 

pulse-current amplitude. 

3.1.3.2 EXPERIMENTS 

Five devices with an initial resistance of 52.6 ohms (mean) 

were trimmed with a single pulse at 330 mA for 5 ms. In the 

second experiment, four repetitions of single-pulse cases were 

run with either the single-pulse-width time fixed and the 

pulse-current amplitude varied or the pulse-current amplitude 

fixed and the single-pulse-width time varied. In the third 

experiment, the devices were heated (Joule) for 10 ms at 250 

mA prior to applying the single current-pulse. 
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3.1.3.3 RESULTS 

In the first experiment, Table 2, the final resistance of the 

trimmed devices had a mean of 85.91% R initial (52.6 fi) and a 

standard deviation of + 1.09% R initial (+ 0.6 fl) . However, 

this was a very small sample. In the second experiment, Table 

3, other combinations of pulse width and pulse-current 

amplitude were examined. The results clearly show that the 

single-pulse trim method was not capable of trimming to the 

targeted value + 0.5 ohms. 

TABLE 2. SINGLE PULSE TRIM: 8.3 ms 330 mA 

INITIAL FINAL NORMALIZED 
CASE RESISTANCE RESISTANCE RESISTANCE 

1 52.45 45.03 0.8586 
2 52.77 44.48 0.8423 
3 52.25 44.84 0.8581 
4 53.44 46.59 0.8718 
5 52.31 45.23 0.8645 

MEAN 52.64 45.23 0.86 
STDDEV 0.49 0.81 0.01 



TABLE 3. SINGLE PULSE TRIM MATRIX 

PULSE WIDTH AND INITIAL FINAL NORMALIZED 
CURRENT AMPLITUDE RESISTANCE RESISTANCE RESISTANCE 

8.3 ms 300 mA 55.52 52.51 0.9459 
54.88 53.70 0.9784 
56.46 50.93 0.9030 
56.86 49.75 0.8750 

MEAN 55.93 51.72 0.9256 
STDDEV 0.90. 1.74 0.0457 

6.3 ms 330 mA 56.26 36.71 0.6526 
55.28 37.51 0.6786 
56.86 34.35 0.6042 
55.91 35.53 0.6357 

MEAN 56.08 36.03 0.6428 
STDDEV 0.66 1.38 0.0312 

8.3 ms 330 mA 57.02 36.72 0.6440 
54.39 35.14 0.6461 
56.69 34.35 0.6059 
56.26 37.51 0.6667 

MEAN 56.09 35.93 0.6407 
STDDEV 1.18 1.44 0.0253 

8.3 ms 350 mA 55.28 28.43 0.5143 
55.47 28.03 0.5053 
57.25 33.56 0.5862 
56.66 27.46 0.4848 

MEAN 56.17 29.37 0.5227 
STDDEV 0.95 2.82 0.0441 
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3.1.4 MULTIPULSE TRIM 

3.1.4.1 PULSE TRIM OPTIMIZATION AND TEST CRITERIA 

The trim optimization objectives (page 23) were stated earlier 

in the Introduction. Three "pass/fail" test criteria have 

been defined in order to distinguish which factors have a 

positive influence on the RI trim characteristic curve. The 

discussion which follows will make extensive reference to 

these test criteria in order to compare the relative merits of 

one trim method over another. The test criteria are: 

TEST CRITERION 1: 30 < AR < 4CI 

The change in resistance for any given pulse must be less than 

4 ohms and greater than 3 ohms when the device is trimmed from 

its initial value to half its initial value. 

TEST CRITERION 2: 2fl < AR < 3H 

The change in resistance for any given pulse must be less than 

3 ohms and greater than 2 ohms when the device is trimmed from 

its initial value to half its initial value. 

TEST CRITERION 3: in < AR < 20. 
The change in resistance for any given pulse must be less than 

2 ohms and greater than 1 ohm when the device is trimmed from 
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its initial value to half its initial value. 

3.1.4.2 TEST SETUP AND WAVEFORM 

The N+ trimistors were typically trimmed down to 10 ohms in 

order to study their characteristic trim curve over the 

broadest range. The minimum resistance that the element can 

be trimmed to is the sum of the resistances of the two end 

contacts (approximately 7 ohms). The initial resistance of 

the N+ trimistor was approximately 53 ohms and the initial 

resistance of the P+ trimistor was approximately 480 ohms. 

The test system's power VI (voltage-current supply) 

was used to measure both the voltage and current 1 ms after 

the pulse rise and 1 ms after the pulse fall. The 

instantaneous power and the resistance were calculated one 

millisecond after the rise of the square wave pulse. Like 

conventional resistors, the measured resistance rises with 

increasing temperature. The power and resistance values 

calculated (measured voltage and current) are temperature 

dependent. Between pulses, the pulse-current was reduced to 

10 mA. The resulting periodic step function current wave form 

generated was the square wave illustrated in Fig. 12. The 10 

mA current level allowed for a very clean square wave and 

accurate measurement of the equivalent resistance at room 
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temperature without correction for temperature effects that 

are associated with higher currents. 

The assumption that resistance measured at 10 mA, 1 ms after 

the pulse fall, approximates the resistance at infinite time, 

was validated by executing a modified version of one of the 

trim routines. Well into the trim operation the periodic 

waveform was stopped and the resistance values were measured 

at various times (1, 2, 4, 8, 12, 24, 50, 100 mS) after the 

pulse fall. Since the differences were insignificant compared 

to the capability of the machine to repeatedly measure a known 

resistance value, the resistance measured 1 ms after the 

current source dropped to 10 mA, was considered equivalent to 

the resistance at infinite time. 

Note that the pulse-current amplitude is not constant (Fig. 

12) . Even after the trim threshold had been reached, 

investigation showed that it was necessary to increase the 

pulse-current amplitude for each successive pulse to sustain 

the trimming operation.2 The magnitude of this increase in 

amplitude will be referred to as the "pulse-current increment" 

2This was verified by running a trim routine which 
initiated the trim process as before. After trimming the 
trimistor for a short period of the time, no further reduction 
in the resistance value was observed once the pulse-current 
increment was reset to zero. 
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Fig. 12. The square wave pulse train used to trim the trimistor. 
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and may be implemented either as a fixed value or as a 

variable defined by an algorithm. 

GRAPHICAL REPRESENTATION OF DATA 

Plots like Fig. 13 were generated to show how the power 

(instantaneous), the normalized resistance (hot), and the 

normalized resistance (cold), measured at 10 mA, changed with 

each successive pulse. The normalized resistance is shown on 

the left axis and the power is shown on the right axis. Fig. 

14 shows a similar plot in which power has been replaced by 

voltage. The voltage scale is shown on the right Y-axis. 

Note that as the current causes the resistance to increase 

(positive TCR) prior to the initiation of trim, the voltage 

supplied to maintain or sustain trimming must also rise. 

Singular mode trimming is a critical precision control 

problem. If the targeted resistance value is missed, there is 

no recovery. Therefore, in order for the trimistor to have 

application in the singular mode, the trim routine that 

produced Fig. 8 must be altered in some way to minimize the 

change in resistance per pulse, to shift or eliminate the 

discontinuities, and to attempt to smooth the erratic RI 

characteristic trim curve. 
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3.2 MULTI-PULSE TRIM CASE STUDIES 

EXPERIMENTAL MATRIX 

The experimental matrix for the multipulse trim cases is shown 

in Table 4. The pulse-current increment, which was found to 

be the most influential trim variable with respect to the RI 

characteristic trim curve, varied from 0.5 mA to 5.0 mA for 

several cases. The various pulse-current increments for each 

of the major cases are identified by an "X" placed in the 

appropriate columns of Table 4. The specific conditions for 

pulse width (PW), the time-between-pulses (TBP), the initial 

pulse-current amplitude (CO) are also shown in Table 4. In 

addition, preheat conditions are specified where applicable. 

3.2.1 EXPERIMENT 1: 

EFFECT OF INITIAL PULSE-CURRENT AMPLITUDE (CO) 

Test time can be reduced by starting the initial pulse-current 

with an amplitude closer to that of the trim threshold 

current. The first case ("STD") in Table 4 was used to study 

the effect of the initial pulse-current amplitude (CO) on the 

RI characteristic trim curve for a fixed pulse-current 

increment (INC). The initial pulse-current amplitude was 

varied from 250 mA to 310 mA. 



TABLE 4. MULTIPULSE TRIM CASES 

CASES | INC, m A  1 PARAMETERS 

5.0 2 . 0 1.8 1 . 5 1. 0 0.75 0 . 50 PW, mS TUP, mS CO,  mA PREHEAT 

STD (1) X X X X X 3.3 20 (1) NO 

F T B P  X X X X X X  3. 3  7  2 5 0  N O  

F T B P 2  X  X X  X 2  . 4  7  2  5 0  N O  

PH1A X (2) X X 3 . . 3 2 0  (2) 250mA, lOmS 

PH1B X X 3 , . 3 2 0  260 250mA, 20mS 

PHFTBP X 3 . . 3 7  250 250mA, lOmS 

ANL1 (3) X 3 . . 3 2 0  250 NO 

EXP (4) 3 . . 3 2  0  250 NO 

LINE2 (5) 3 , . 3 2 0  250 NO 

LPWR (6) 

(1) INITIAL PULSE-CURRENT AMPLITUDE WAS VARIED: C0=250, 280, 290, 300, 310 mA 
(2) SECOND STUDY VARIED THE TIME-BETWEEN -PULSES, TBP= 8, 12, 16, 20 mS, CO = 250 mA 
(3) EACH PULSE IS FOLLOW BY A SHORT ANNEAL: 250 mA FOR 1 mS 
(4) PULSE-CURRENT INCREMENT IS INVERSELY PROPORTIONAL TO POWER. 
(5) INCREMENT DEFINED BY EXPONTENTIALLY DECREASING ALGORITHM FUNCTION OF INCREASING POWER. 
(6) PULSE-CURRENT INCREMENT IS INVERSELY PROPORTIONAL TO THE POWER OF THE PREVIOUS PULSE. 



56 

3.2.2 EXPERIMENT 2: EFFECT OF PULSE-CURRENT INCREMENT (INC) 

The pulse-current increment was varied from 0.5 mA to 2 mA for 

the standard and for the fast-time-between-pulses cases, and 

from 0.5 mA to 5 mA for the preheat cases. The fast-time-

between-pulse /2.4 ms pulse width ("FTBP2") case was ran with 

pulse-current increments of 0.5 mA, 1.0 mA, 1.5 mA and 2.0 mA. 

3.2.3 EXPERIMENT 3: EFFECT OF PULSE WIDTH 

Preliminary testing showed that pulse widths significantly 

larger than the 3.3 ms caused too much change in the 

resistance value of the trimistor per pulse. The test 

equipment must have the capability to reproduce a true square 

wave without any power supply spikes. Even very short current 

pulses are capable of trimming the trimistor to a complete 

short. A 0.2 ms spike cause by a delay in the power supply to 

clamp at the specified condition can result in a fully trimmed 

trimistor. Verification of the pulse waveform and the lack of 

any spikes using a storage oscilloscope is highly recommended. 

Pulse widths smaller than 2.4 ms started producing 

questionable square wave pulses. The fast-time-between-pulse 

/2.4 ms pulse width case was performed with a 7 ms elapsed 

time between pulses. All other cases were executed with the 

3.3 ms pulse width. 



57 

3.2.4 EXPERIMENT 4: EFFECT OF THE TIME-BETWEEN-PULSES 

The effect of time-between-pulses (TBP) on the IR trim 

characteristic was evaluated. Several devices were trimmed 

using the preheat trim routine (see "PH1A" in Table 4) and 

adjusting the wait statement in order to obtain the TBPs 

specified in the Table 4. The effect on reducing the time-

between-pulses for the standard case ("STD", TBP = 20 ms) to 

7 ms ("FTBP", "FTBP2", and "PHFTBP", see Table 4) was also 

examined. 

3.2.5 EXPERIMENT 5: EFFECT OF PREHEAT 

The temperature of the device can be raised by applying a 

large sub-threshold current (250 mA) to the device for a fixed 

time prior to pulsing the current. This preheating reduces 

the time it takes to reach the trim threshold current and trim 

time at final test. The IR characteristic trim curves for two 

conditions, for a 10 ms preheat ("PH1A") and a 20 ms preheat 

("PH1B"), will be compared to the standard case as a means of 

evaluating the merits of the preheating. 

3.2.6 EXPERIMENT 6: EFFECT OF ANNEAL 

During trim, each pulse causes the filament to remelt and form 
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an equilibrium solution at some new temperature. Between 

pulses, the filament freezes so fast that silicon remains in 

solution at a much higher concentration than an Al/Si solution 

at room temperature. Energy dispersive X-ray spectroscopy 

(EDX) analysis completed on SEM samples confirmed that the 

concentration of silicon in the filament is greater than the 

equilibrium concentration. Depending on how this silicon 

precipitates out in the filament, the resistance can even 

increase. Most of the time, however, the conductivity of the 

filament increases with each successive pulse and thus the 

resistance of the trimistor decreases. An anneal was 

performed by applying a sub-threshold current (250 mA) for one 

after each pulse. 

3.2.7 EXPERIMENT 7: 

EFFECT OF ADDING A PREHEAT TO EXPERIMENT 4. 

Preheating (10 at 250 mA) the device prior to the trim 

operation and decreasing the time between pulses from 20 to 

7 , individually improved the RI trim characteristic curve and 

decreased the number of delta R*s greater than 3 ohms. A case 

("PHFTBP") which combines both of these positive influences 

was run. 
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3.2.8 EXPERIMENT 8: TRIMMING TO A TARGET VALUE 

In production, the device is always trimmed to some particular 

targeted resistance value or "target value." As discussed, 

singular mode trimming is essentially a one-direction trim 

phenomenon. Trim error is simply the amount of over-trim 

caused by the last pulse. 

A smaller pulse-current increment results in a smaller change 

in resistance per pulse than a larger pulse-current increment. 

However, reducing the fixed pulse-current increment from 2 mA 

to 0.5 mA significantly increases trim time. An expedient 

compromise is to use the fixed 2 mA increment for coarse 

trimming until some pre-target resistance value is reached and 

then switch to the 0.5 mA (fine trim) increment in order to 

approach the target value, and minimize the amount of over-

trim and trim time. 

This approach was implemented in a modified version of the 

"STD" trim routine. The trimming process was terminated when 

the measured value was less than or equal to the target value 

plus 0.5 ohms. 
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3.2.9 EXPERIMENT 9: 

PULSE-CURRENT INCREMENT DEFINED BY AN ALGORITHM 

In all the cases described, the pulse-current increment was 

fixed at a predetermined value during the trim operation. In 

the following cases, this pulse-current increment is defined 

by a mathematical algorithm, which decreases the size of this 

increment with each successive pulse. 

The amount the resistance changes with each pulse and whether 

the absolute resistance value of the device increases or 

decreases, is almost a completely random event. With the 

change in state from the solid state to the liquid state, it 

is impossible to predict or to directly cause a given result 

for a given input based on the past. In addition, it is not 

practical to directly control the power or pulse-current 

amplitude since it is necessary to increment the pulse-current 

with each successive pulse in order to sustain the trimming 

process. Therefore, the pulse-current increment was selected 

as the parameter to be mathematically manipulated. 

Prior to presenting the next three cases it is appropriate to 

first discuss certain observations that were made based on the 

above cases with respect to trimming the N+ trim resistor. 

The trim threshold power required to initiate trim was 
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approximately 8 W. The overall trend was for the power to 

decrease to approximately 4 W as the device was trimmed to 10 

ohms. Between discontinuous points on the power curve, the 

power tends to build up to some maximum level and then fall to 

some new low level. These small regions of the power curve 

usually repeat themselves several times. Fig. 15 shows a plot 

of both the normalized resistance and the power as a function 

of the pulse-current. Note that the large changes in 

resistance (delta R's) correspond to the large discontinuous 

points on the normalized RI characteristic trim curve. 

3.2.9.1 LINEAR ALGORITHM: CASE "LINE2" 

The impetus for this trim routine was based on observation 

that the power rose to 8 W to initiate trim, then decreased to 

4 W. The future resistance is only linked to the past in very 

broad terms. No mathematical relationship was found to relate 

the change in resistance for a given pulse-current amplitude 

based on the last change in resistance. Constant power is not 

required in order to sustain the trimming process, however, 

the pulse-current amplitude must be increased for each 

successive pulse as shown 
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earlier. Once the trim current threshold has been reached, 

the power must be decreased. This conclusion was based on the 

power versus current plots for each of the earlier cases. 

In this case, the power was reduced with each successive pulse 

by linearly decreasing the pulse-current increment (Fig. 16). 

Note that even though the pulse-current increment decreases 

with time, the actual pulse-current continued to increase with 

each successive pulse. 

The pulse-current increment was initially fixed at 2 mA. Once 

the trim threshold has been reached and the normalized 

resistance dropped below 0.991, then the "LINE2" trim routine 

activates the variable pulse increment algorithm. 

3.2.9.2 EXPONENTIAL ALGORITHM: CASE "EXP" 

Power was reduced with each successive pulse by decreasing the 

pulse-current increment in an exponentially decreasing manner 

as opposed to linearly in the previous case. Like the "STD" 

case, the pulse-current increment is initially started at 2 

mA. Once the trim threshold has been reached and the 

normalized resistance dropped below 0.991, then the "EXP" trim 

routine activates the exponential algorithm. 
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ALGORITHM FOR INCREMENT BASED ON PULSE CURRENT 
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Fig. 16. Algorithm for pulse current increment as a function of pulse 
current. 



65 

3.2.9.3 LINEAR ALGORITHM: CASE "LPWR" 

The impetus for this trim routine was based on the observation 

that the power tends to increase to some maximum level and 

then fall to some new low level between discontinuous points 

on the power curve and that these discontinuities corresponded 

to large delta R's. This periodic upward trend could be 

countered by decreasing the pulse-current increment each time 

the power starts this upward trend. 

The algorithm shown in Fig. 17 was implemented in cases 

"LPWRl" through "LPWR4" in order to counter any increase in 

power. The algorithm defines the pulse-current increment as 

a function of the power delivered on the previous pulse. If 

the last pulse required 8 W then the pulse-current is 

incremented 0.5 mA. If the last pulse required only 4 W, then 

the pulse current was incremented 2.0 mA. 
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ALGORITHM FOR INCREMENT BASED ON POWER 

3.0 

< 
E 2.5 

\-
Z 
LU 

E 
HI 
cr 
o 
z 

2.0 

h-
z 
UJ 

DC 
CE 

Ul 
CO 

I 
3 0.5 
Q. 

0.0 
9 1 0 0 1 2 7 8 3 4 6 5 

POWER (WATTS) 

Fig. 17. Algorithm for pulse current increment as a function of 
power. 



67 

3.3. RESULTS 

3.3.1 INITIAL PULSE-CURRENT INCREMENT AMPLITUDE (CO) 

The RI characteristic trim curve for the standard case using 

an initial pulse-current of 250 mA had a flatter slope and was 

slightly less erratic than the other cases using higher 

initial pulse-currents. Using an initial pulse-current 

substantially below the device's trim threshold current 

produces the best result. All these cases failed Test 

Criterion 1. 

3.3.2 PULSE-CURRENT INCREMENT (INC) 

The RI characteristic trim curve for the standard "STD" case 

is shown in Fig. 18. This plot illustrates that the RI 

characteristic trim curve is non-linear and certainly not a 

smooth function. There is significant discontinuities at 326 

mA, 374 mA, and 382 mA. The change in resistance (delta R's) 

as a function of the pulse-current amplitude is shown in the 

corresponding bar graph (Fig. 19). Note the three largest 

resistances deltas 
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correspond to the three discontinuous points. RI 

characteristic trim curves and their corresponding bar graphs 

for several cases are shown in Appendix B. 

The standard cases using a fixed pulse-current increment of 

1.0 mA or 0.5 mA passed Test Criterion 1. Cases using the 

larger pulse-current increments failed. The FTBP cases using 

a pulse-current greater than 1.0 mA passed Test Criterion 1 

while those using a pulse-current increment of 1.0 mA or less 

failed. All the Fast-Time-Between pulse /2.4 ms pulse width 

cases and all the preheat cases passed Test Criterion 1. The 

case which combined both the preheat and the 7 ms time-between 

pulses failed. The 5 mA pulse increment resulted in a sizable 

delta R decrease in resistance for each pulse and is not 

recommended. 

The number of data points increases as the pulse-current 

increment decreases. The advantage of a smaller-current 

increment pulse is the resulting smaller change in the 

resistance with each pulse. The disadvantage of a smaller 

increment is that more test time is required to reach the 

desired resistance value. 
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3.3.3 PULSE WIDTH 

Decreasing the pulse from 3.3 ms to 2.4 ms had a positive 

influence on the RI trim characteristic curve. Larger pulse 

widths caused excessively large changes in the resistance per 

pulse. All cases using the 2.4 ms pulse width past Test 

Criterion 1 and two cases even passed Test Criterion 2. Some 

of the cases using the 3.3 ms pulse width did not pass Test 

Criterion 1. 

3.3.4 TIME-BETWEEN-PULSES 

The preheat trim route used to study the effect of the time 

between pulses on the RI characteristic trim curve showed that 

decreasing the time between pulses caused larger, unwanted 

resistance changes. However, if no preheat is used ("FTBP" 

and "FTBP2") , the shorter 7 ms time between pulses is 

necessary to pass Test Criterion 1. 

3.3.5 PREHEAT 

A direct comparison of the preheat cases to the standard cases 

reveals that preheating was a positive influence. However, 

when this influence was combined with the positive influence 
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of decreasing the time between pulses, there was no additional 

improvement. 

The "PH1A" or 10 ms preheat case was selected over the 20 ms 

case based on a slightly better slope of the RI trim 

characteristic curve and a less abrupt transition region. The 

IR trim characteristic curve of the "PH1A" case is shown in 

Fig. 20. The data have become more linear compared to the 

"STD" case (Fig. 18). Instead of one large transition there 

appear to be two transition regions. Only two of the pulses 

produced changes greater than 3 ohms (both were 3.2 ohms). 

The "PHXX" trim routine is identical to the PH1A case and 

checks the repeatability of this trim routine. In the latter 

case, the curve was a little more erratic but still 

acceptable. The major difference was that the second case 

showed a major transition with a delta R greater than 5 ohms 

at 390 mA. However, this transition region is unimportant 

unless one wishes to have a trim range greater than 50 %. 

Increasing the pulse increment to 5 mA was found to result in 

sizable decreases in resistance. Case "S1MA" used a pulse 

increment of 1 mA and was not significantly different from 

PHXX. The number of data points increases as the pulse-

current decreases. Both the 1 mA and the 0.5 mA cases showed 
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a definite transition. However, all 4 trim routines had at 

least a 50 % trim range. All cases passed Test Criterion 1. 

3.3.6 ANNEALING 

This technique did not provide any significant improvement 

over the standard case. 

3.3.7 TRIMMING TO A TARGET VALUE 

In brief, the application of this trim technique to the 

standard trim routine allows trimming within 1.4 % of the 

target value as long as the target value is above 55 % of the 

initial trim. Some results of trimming to a target value are 

shown in Table 5. Results were erratic when the device was 

trimmed to approximately 50 % of its initial value. This is 

explained by the fact that the transition region for the 

standard case occurs at approximately 50 % trim. Note the 

large % error (16%) for one of the devices trimmed to 2 5.5 

ohms (49% of its initial value). 
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TABLE 5: TRIMMING TO A TARGET VALUE 

INITIAL 

RESISTANCE 

TARGETED 

RESISTANCE 

RESISTANCE 

AFTER TRIM 

ABSOLUTE 

ERROR 

% 

ERROR 

1 51.58 30.0 30. 39 0.3874 1.29 

2 51.91 30.0 30.19 0.1938 0. 65 

3 52.11 25.5 20.79 -4.709 15.7 

4 51.78 25.5 24.87 0.6289 2. 10 

NOTE: Units in ohms. 

Greater accuracy can be achieved by placing the trim resistor 

in series with a ranging resistor (i.e. conventional diffused 

resistor). For example, 1.4 % error for a 30 ohm target is 

0.4 2 ohms. A circuit designer could combine a 55 ohm N+ 

trimistor with a 270 ohm conventional resistor to achieve a 

total trimmed resistance value of 300 ohms. In this situation 

the 0.42 ohm error in trim represents a 0.14 % error of the 

total resistance, an order of magnitude improvement. Thus 

circuit design techniques can usually be implemented to 

achieve the desired level of accuracy. 

3.3.8 VARIABLE INCREMENT DEFINED BY ALGORITHM 

The case ("EXP") which exponentially decreased the pulse-
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current increment inversely to the pulse-current function 

passed the Test Criterion 1 but failed the Test Criterion 2. 

The RI characteristic trim curve and bar plots are shown in 

the Appendix B. 

The case ("LINE2" ) which linearly decreased the pulse-current 

increment inversely as a function of the pulse-current 

amplitude passed Test Criteria 1 and 2. This case is shown in 

Fig. 21. A corresponding bar graph (Fig. 22) shows the change 

in resistance with each current-pulse. The maximum delta R 

due to any one pulse was 2.3 ohms (or a 4.3 % change) . The RI 

characteristic trim curve for this case is shown in Fig. 21. 

It is almost possible to pass Test Criterion 3 using this trim 

technique. 

The RI trim characteristic for the case ("LPWR") in which the 

pulse-current was incremented inversely to the pulse-current 

amplitude passed Test Criterion 1 and 2 (Fig. 23). A 

corresponding bar graph (Fig. 24) shows the change in 

resistance with each current pulse. Trim routine "LINE2" and 

"LPWR" produced the best RI characteristic curves. 
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3.3.9 REPEATABILITY 

Some of the cases were repeated to determine if the different 

cases were distinguishable. The RI characteristic trim curve 

for each case, even using the same trim routine, is like a 

finger print; no two finger prints are the same. This is 

particularly evident when comparing the bar graphs (change in 

resistance vs pulse current) of two devices. Even the 

threshold current varied from device-to-device. The more 

general characteristics of the RI characteristic trim curves, 

however, were repeatable. The general location of the 

transition point, and the number and magnitude of the 

resistance deltas greater than 2 ohms tended to be repeatable, 

allowing one to distinguish parts trimmed using different 

conditions. 

In production, each device is trimmed to some targeted 

resistance value. The ability to consistently trim to a 

desired targeted value with as small an error as possible as 

the primary objective. Exact repeatability of the RI 

characteristic trim curve is not necessary. 
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3.3.10 SUMMARY 

SINGLE PULSE TRIM 

The hypothesis that the final resistance of a trimmed 

trimistor normalized to its initial resistance would be a 

function of the pulse-current amplitude and the length of the 

single pulse was investigated. No correlation was found which 

would support this hypothesis. In addition, it was shown that 

the single-pulse trim could not repeatably hit a targeted 

value even when the standard deviation of the untrimmed 

resistance of the devices was very small. 

MULTIPULSE TRIM 

The multipulse trim study investigated the effect of several 

controllable trim parameters on the RI Trim Characteristic 

Curve. The experimental matrix is again shown in Table 6. 

The "X" which indicated which cases were run have been 

replaced. An "F" indicates that cases failed all test 

criteria. A number indicates the most stringent criterion 

that the case passed. 



TABLE 6. MULTIPUL.SE TRIM CASES 

CASES | INC , mA 1 PARAMETERS 

5.0 2.0 

00 • 

H
 1.5 1.0 0.75 0.50 PW, mS TBP, mS CO, mA PREHEAT 

STD F F F TC2 F TCI 3.3 20 ( D  NO 

FTBP TCI TCI TCI TCI F F 3.3 7 250 NO 

FTBP2 TC2 TCI TCI TC2 2.4 7 250 NO 

PH1A TCI TCI TCI TCI 3.3 20 (2) 250mA, lOmS 

PH1B TC2 3.3 20 260 250mA, 20mS 

PHFTBP F  3.3 7 250 250mA, lOmS 

ANL1 (3) F  3.3 20 250 NO 

EXP (4) TCI 3.3 20 250 NO 

LINE2 (5) TC2 3.3 20 250 NO 

LPWR (6) TC2 

TEST CRITERION = TC 

(1) INITIAL PULSE-CURRENT AMPLITUDE WAS VARIED: C0=250, 280, 290, 300, 310 mA 
(2) SECOND STUDY VARIED THE TIME-BETWEEN -PULSES, TBP= 8, 12, 16, 20 mS, CO = 250 mA 
(3) EACH PULSE IS FOLLOW BY A SHORT ANNEAL: 250 mA FOR 1 mS 
(4) PULSE-CURRENT INCREMENT IS INVERSELY PROPORTIONAL TO POWER. 
(5) INCREMENT DEFINED BY EXPONTENTIALLY DECREASING ALGORITHM FUNCTION OF INCREASING POWER. 
(6) PULSE-CURRENT INCREMENT IS INVERSELY PROPORTIONAL TO THE POWER OF THE PREVIOUS PULSE. ® 
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Although individually preheating, annealing, or decreasing the 

time between pulses, had a positive influence on the RI 

characteristic trim curve, the greatest controlling factor was 

the pulse-current increment. The advantage of a small pulse-

current increment (INC) is that smaller changes in resistance 

are achievable with each pulse due to the smaller amount of 

additional energy pumped into the device with each successive 

pulse. The disadvantage of a smaller increment is that more 

trim time and more final-test time is required to reach a 

resistance value significantly less than the device's original 

value. A pulse-current increment less than 0.5 mA does not 

appear to have any significant advantage but does have the 

disadvantage of increasing the trim time excessively. 

The optimum trim routine would employ a mathematical algorithm 

which would decrease the pulse-current increment (1) with each 

successive pulse (i.e. the linearly decreasing pulse-current 

increment over the entire trim region), or (2) as a counter 

action to the power level rising (i.e. the linear power 

algorithm over small regions) . The trim routine using the 

linear power algorithm over small regions is slightly better 

than the case using the linearly decreasing power algorithm 

over the entire trim region for the first 25 % of trimming, 

but slightly worse over the next 25 %. Choosing the "best 

case" between these two is subjective. Based on the bar 
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graphs (Fig.s 22 and 24), the "best case" for a 50 % trim 

range is the linearly decreasing pulse-current increment over 

the entire trim region (to prevent large unwanted delta R's). 
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4.0 TRIMISTOR PERFORMANCE: 

TEMPERATURE COEFFICIENT, BURN-IN AND OPERATING LIFE DATA 

4.1 N+ DIFFUSED TRIMISTORS 

4.1.1 TEMPERATURE COEFFICIENTS 

The change in resistance (normalized to its initial value) due 

to a change in temperature of an N+ trimistor is shown in Fig. 

25. The figure shows three cases: before trim, after a 10% 

trim, and after a 90% trim. Once the threshold current has 

been reached and the device starts to trim, the resistor's 

temperature coefficient (TCR) decreases (10% trim). At 

approximately 50 % trim the device reaches its minimum TCR. 

Both first (TCR1) and second (TCR2) order temperature 

coefficients are given in the figure. As the device is 

trimmed to 90 % of its initial value the TCR rises above the 

nominal value of the untrimmed resistor (see Fig. 25). 

4.1.2 OPERATING LIFE 

The resistance values of 32 N+ diffused 30 ohm trimistors were 

measured before burn-in at 125 degrees C. Eight devices were 

used as control units. Four of the control units were not 

trimmed, but burned-in. The other four control units were 
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neither trimmed nor burned-in to check the drift of the 

equipment. Each of the resistors is tied to one of four pins. 

Depending on the pin, the trimistor was trimmed 2, 4, 8, or 16 

ohms (delta Rs). Four units were burned-in at 125 degrees C 

for 168 hours at each of the following currents: 0, 5, 10, 20, 

50, and 100 uA. 

The change in resistance with burn-in was found not to be a 

function of the operating current for currents up to 100 uA; 

however, it was found to be dependent on the amount of trim. 

The more the resistor was trimmed, the greater the change in 

resistance with burn-in. The majority of this resistance 

change was found to occur within the first day of burn-in. An 

anneal following the end of the trim routine should minimize 

this change in resistance. 

The burn-in data for four devices burned-in at 400 uA with an 

initial resistance of 30 ohms and a final trimmed resistance 

of 15 ohms are shown in Fig. 26. The normalised resistance is 

shown on the y-axis versus the hours burned-in on the x-axis. 

Device 2 had a change of 0.8 ohm over the first 1000 hours of 

burn-in. 
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The operating life burn-in was designed to find the operating 

current limits of the trimistor. The parts used here are the 

same parts used in the 125 degree burn-in for 168 hours at 100 

uA or less. The resistors were operated at the following 

currents for this test: 200 uA, 400 uA, 800 uA, 1600 uA, 3200 

uA and 6400 uA. Resistance values were measured daily for the 

first seven days at 504 hours and at 1008 hours. 

High current densities (1600 uA to 6400 uA) were found to 

cause positive increases in the resistor changes. The change 

in resistance with burn-in was found to be dependent on the 

amount of trim. Small trims changed less than large trims. 

Control samples were always used for temperature control. 

4.2 P+ DIFFUSED TRIMISTOR 

4.2.1 TEMPERATURE COEFFICIENTS 

The resistance (normalized to its initial value) as a function 

of temperature of four P+ trimistors, both untrimmed and 

trimmed, is shown in Fig. 27. The untrimmed resistance value 

was 450 ohms and all four devices were trimmed down to 2 50 

ohms or 55.6 % of their initial value. The average 
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resistor temperature coefficient (TCR) for the untrimmed P+ 

resistors was 835 ppm. The TCR decreased to 627 ppm when the 

same four devices were trimmed to 55.6 % of their initial 

resistance value. 

4.2.2 OPERATING LIFE 

The burn-in data for 10 P+ diffused trimistors burned-in at 

400 uA with an initial resistance of 480 ohms and a final 

trimmed resistance of 280 ohms (or 58.3 % of their initial 

resistance value) is shown in Fig. 28. The normalized 

resistance is shown on the y-axis versus the hours burned-in 

on the x-axis. Device 1 burn-in performance was unacceptable. 

The resistance of this device changed 57.6 ohms or 11.5 % 

within the first 48 hours, but then leveled off. The other 

devices had acceptable burn-in performance. 

4.3 P+ TRIMISTOR LIMITATIONS 

The bulk of this report has emphasized the N+ trimistor. The 

performance of the N+ trimistor in terms of temperature 

performance and operating life is excellent. 
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The P trimistor is a desirable trim element because it allows 

the design of resistors with much larger values than are 

possible using 6 ohm/sq N doped resistors. Another benefit of 

P diffused trimistor resistors is better matching 

characteristics to other P resistors on an integrated circuit 

chip. However, these advantages with respect to applications 

are currently outweighed by its deficiency in its operating 

life performance. 

The P trimistor has to be isolated in its own epi tub island 

or tub. In order to trim the element, the tub has to be 

biased to the N+ contact. There is concern about potentially 

damaging the p/n junction. There is additional concern about 

possible parasitic transistor action during the trim operation 

because of a the pn junction between the trimistor and the epi 

tub. 
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5.0 THE SIGNIFICANCE OF CURRENT CONTROLLED 

RESISTOR TRIM TECHNOLOGY 

This new trim technology is significant because it provides a 

low-cost alternative to expensive methods such as laser trim 

or die-area intensive methods such as zener zapping. It also 

requires less silicon die area than the fuse trim or zener 

zapping, and does not cause any damage to the passivation 

layers. Production is not limited to specialized equipment 

because this technology uses an existing diffusion process and 

final-test equipment. 

5.1 IN-PACKAGE TRIM 

5.1.1 IN-PACKAGE TRIMMING WITH DEDICATED PACKAGE PINS 

The ultimate precision of integrated circuits is usually 

limited by packaging effects, resulting in the degradation of 

the trimming accuracy. Although several wafer-level trimming 

techniques have been developed to null processing errors, 

packaging errors are not generally addressed by these 

techniques. 

This new technology is free from packaging effects because the 

devices are trimmed on the final-test equipment after 
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packaging. The resistance of the single crystalline diffused 

silicon resistor is decreased when a current density higher 

than a certain threshold value is applied. The resistance 

value after trim is stable as long as a current larger than 

the threshold is not applied. 

5.2 IN-PACKAGE TRIMMING WITHOUT DEDICATED PACKAGE PINS 

In-package trimming can be achieved by coupling the trimistor 

to multifunctional input pins through a specially designed 

high-voltage, high-current diode [8, 9]. This makes in-

package trimming possible even when all pins are used for 

other functions. 

In general, past in-package trim methods required dedicated 

trim pins. This requirement is prohibitive for most 

applications (such as a 14-pin quad operational amplifier) 

where the number of required trim pins is either not available 

or would exceed practical limitations. 

A general in-package trim technique for any circuit with an 

input, output, and positive terminal Vcc is shown in Fig. 29. 

Under normal biasing conditions, diode DT is reverse biased 

and allows the multifunction input to operate independently of 

the trim circuitry. During trim, current pulse IT flows from 
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the input terminal through diode (DT) , trims the resistor (RT) , 

and exits the Vcc terminal. Therefore, the input, output, or 

transfer characteristics of this circuitry can be externally 

adjusted by decreasing the value of RT. Wide metal runs are 

required for the high trim currents. 

A monolithic P-channel JFET quad operational amplifier was 

designed using this multiplex pin arrangement, allowing it to 

be packaged in the standard 14 pin package [8-9]. 

5.3 DIFFERENTIAL MODE 

The trim characteristic curves for the single element resistor 

using various trim techniques were shown earlier. This work 

identifies some trim techniques that meet the goal of 

rendering the region prior to the transition useful and 

eradicating large changes in the resistance for any given 

pulse. The trim characteristic curve was linearized as much 

as possible and the useful range for trimming extends from the 

untrimmed value down to 50 % of the initial value. 
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However, this new trim technology has been very useful in 

applications employing paired devices in the differential 

mode. The significance of differential mode trim lies in its 

bi-directional nature. Differential mode trimming is a 

statistical method. Each of the resistors can be trimmed in-

turn repeatedly until the specified parameter is precision 

trimmed to within the specified tolerance window. 

Trimming of the input offset voltage (VI0) of a differential 

operational amplifier using trimistor trim technology is bi

directional [8]. Depending on the polarity of V,0, one or the 

other, or both, trimistor(s) can be trimmed. The trimming 

operation is switched back and forth between the two elements 

until VjQ is within the specified tolerance window. Two trim 

elements in an arrangement such that an offset can be trimmed 

in either direction shall be referred to as differential mode 

trimming elements. 

Differential mode trimming is a statistical problem. Even 

though the trimming phenomenon for a single trim element is 

irregular and uni-directional, the use of two trimistors in a 

differential application makes the precision trimming of the 

Vl0 of an operational amplifier bi-directional. This resistive 

trim element, the method of trimming using high current 

pulses, and its application have been patented [1-7]. 
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and its application have been patented [1-7]. Precision 

trimming of the VI0 of a production operational amplifier at 

final-test has been demonstrated [8]. 

5.3.1 TRIMMING THE INPUT OFFSET VOLTAGE OF A 

DIFFERENTIAL OPERATIONAL AMPLIFIER 

The production program for a JFET operational amplifier, which 

was in use prior to this research, was modified to collect 

data on R3A and R5A (Fig. 30) in addition to recording vio as 

a function of the pulse number. The trim routine uses a fixed 

2 mA pulse increment. Fig. 31 shows the resistance values of 

R3A1 and R5A as a function of the pulse number. Note that only 

one side, R3A, trims for some time until V,0 switches sign. 

Then the trim routine automatically switches to the other side 

and trims R5A until V,0 switches signs again or until V,0 is 

within the specified tolerance window. The input offset 

voltage is shown in Fig. 32 as a function of the pulse number. 

The increase in V,0 after the first transition from 
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positive to negative V,0, is the result of the second resistor 

being cold; it's caused by the TC of the trim resistor prior 

to the initiation of trim. This can be reduced significantly 

by either pre-heating the device or starting the pulse-current 

at a value much closer to the threshold current. Fig. 32 

through 34 provide an expanded scale to show how small the 

input offset voltage really is. 

In spite of the discontinuities that occur in the RI 

characteristic trim curve, the VIQ of this differential 

operational amplifier was reduced from 6.3 mV to 3 5.0 uV, or 

by a factor of 180. This process of trimming either trimistor 

with the ability to trim V,0 in either direction until V[0 is 

inside the specified window is referred to as differential 

trim. The principal advantage of trimistor trim applications 

in the differential mode, which cannot be over emphasized, is 

this ability to trim in both directions which can achieve 

precision trimming of the desired electrical parameter, V,0, 

despite the discontinuities in the RI characteristic trim 

curve. 

5.3.2 OPERATIONAL AMPLIFIER YIELD ANALYSIS 

This experiment was performed to show how high the yields can 

be at very low offset voltages. The % yield for trimming the 
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input offset voltage (V,0) of the JFET differential operational 

amplifier at various specified tolerance windows was 

determined. The results are shown in Fig. 35. Ten devices 

were analyzed at each level. For a tolerance window of plus 

or minus 0.1 juV, all parts failed. However, this specified 

tolerance is at or below the limits of the programmable 

testor's measurement capability. For a V,Q of 1.0 jxV the yield 

jumped to 60 %, at 10 microvolts it was 80 %. Note that for 

precision trimming for 100 microvolts or higher, the yield is 

100 %. 



1 0 0 0  

Fig. 35. Percent yield versus input offset voltage specification. 
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6.0 CONCLUSIONS 

TRIM OPTIMIZATION 

This paper describes and demonstrates the electrical trimming 

of diffused single crystal silicon resistors fabricated using 

a standard bipolar process. The value of the diffused trim 

resistor was incrementally changed by pulsing the resistor 

with high-current pulses of small-duty cycle. Various trim 

methods were qualitatively investigated and the trim 

methodology was improved. The two best trim routines employ 

a mathematical algorithm which would decrease the pulse-

current increment inversely with power once the threshold 

current has been reached. The "best case" for a 50% trim 

range is the linearly decreasing algorithm. 

In single-mode trimming, extreme care was exercised in the 

trim methodology to prevent the trim from overshooting the 

targeted resistance value. Trimming to a targeted resistance 

value, by switching from coarse trim (2.0 mA increment) to 

fine trim (0.5 mA) as the measured resistance approached the 

target, typically resulted in less than ± 1.4% error (30 n). 

This ± 1.4% error could be reduced to ± 0.14% error of the 

toal resistance when the trimistor is placed in series with a 

270 n conventional resistor. In brief, the effective 
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precision will depend on how the trimistor is designed into a 

given circuit, the trim algorithm, and whether it is used in 

singular or differential mode. 

The performance of both N+ and P trim resistors were evaluated 

over temperature and accelerated operating life. The 

temperature coefficient for a 50 ohm N+ trimistor varied from 

1078 ppm/°C to 1816 ppm/°C depending on the degree of trim. 

The temperature coefficients for the 450 ohm P trimistors 

trimmed to 250 ohms varied from, 627 ppm/° (TCR2=3.52 ppm/°C2) 

before trim to 835 ppm/°C (TCR2=4.94 ppm/°C2) after trim. 

Operating life data (1000 h, 125°C) for half-scale trim 

indicates a stability of + 0.31 ohms for la for the N+ 

trimistors. Some P trimistors show a large (11.5% change) 

within the first 48 hours. The advantages of the P trimistor 

with respect to applications are currently outweighed by its 

deficiency in its operating life, and concern about 

potentially damaging the p/n junction and possible parasitic 

transistor action. 

In spite of the discontinuities that occur in the RI 

characteristic trim curve, the V[0 of the differential 

operational amplifier was reduced from 6.3 mV to 35.0 uV, or 

by a factor of 180. The sensitivity of VI0 to the change in 

resistance for this particular differential operational 
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amplifier with respect to the trimistors was 0.26 mV/n. Yield 

for operational amplifiers trimmed to an input offset voltage 

of ±100 /zV is 100%. For a ±10 /iV V,0 window the yield was 80%. 

FILAMENT FORMATION 

Scanning electron and transmission electron microscopic 

analysis of devices trimmed under different conditions (light 

versus heavy and single versus multiple pulses) were used to 

hypothesize the trim mechanisms. The formation and growth of 

the filaments were the result of Al/Si alloying. 

ADVANTAGES OF THE TRIMISTOR 

1. In the differential mode, trimistor ratios or 

differences can be trimmed to very precise values 

(e.g. VI0 < ±10 juV) resulting in high yielding 

precision trimmed parts. 

2. The trimistor makes in-package trimming possible 

and eliminates shifts after trimming due to 

mechanical stresses. Computer-controlled current 

pulses can provide continuous adjustment of the 

resistance value of the trimistor. 



3. The trimistor, when used in combination with 

circuit techniques, makes in-package trimming for 

almost any integrated circuit possible, even when 

all package pins are used for other functions (e.g. 

the precision trimmable 14-pin quad opeational 

amplifier) . This is accomplished by multiplexing 

the existing package pins. 
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APPENDIX A 

CHEMICAL ANALYSIS OF THE PARASITIC CONTACT AND FILAMENT 



EL WT.% ATOM.% EL WT.% ATOM.% 

SI 8. ,07 7 .95 SI 2. .68 2 .62 
AL 88. ,65 90 .58 AL 94, .70 96 .09 

EL WT.% ATOM.% ? 0. ,11 0 .10 EL WT.% ATOM.% P 0, .36 0 .32 EL WT.t ATOM. 
CU 3. ,17 1 .37 

ATOM.% 
CU 2 .27 0 .97 

SI 19.34 19.15 SI 94.58 96.51 SI 12.12 12.00 
AL 76.75 78.82 AL 0.00 0.00 AL 83.85 86.08 
? 0.73 0.65 P 2.25 2.07 P 0.39 0.35 
CU 3.18 1.38 CU 3.17 1.42 CU 3.64 1.57 

CONTACT "2 

OXIDE 

NEGATIVE 
CONTACT 

"Z 

y 

EL WT.% ATOM.% EL WT.% ATOM.% EL WT.% ATOM.% 

SI 13.34 13.14 SI 22.71 22.35 SI 25.99 25.97 
AL 83.44 85.28 EL WT.% ATOM.% AL 74.98 76.50 EL WT. % ATOM.% AL 69.33 71.82 
P 0.41 0.37 P 0.35 0.31 

19.07 
P 0.36 0.32 

CU 2.81 1.21 SI 97.73 98.84 CU 1.95 0.84 SI 19.07 18.91 CU 4.32 1.89 
AL 0.00 0.00 AL 77.04 79.23 

CU 4.32 1.89 

P 0.32 0.29 p 0.35 0.32 
CU 1.95 0.86 CU 3.54 1.54 

SEMI-QUANTITATIVE ANALYSIS: NEGATIVE CONTACT H 
H 



EL WT.% ATOM.% EL WT.% ATOM.% EL WT.% ATOM.% 

SI 65.67 66.11 SI 68.97 69.34 SI 4.78 4.73 
AL 30.16 31.49 AL 27.48 28.65 AL 90.93 93.20 
P 1.20 1.09 P 0.97 0.88 P 0.47 0.42 
CU 2.97 1.31 CU 2.59 1.14 CU 3.81 1.65 

OXIDE 

EL WT.% ATOM. % 

SI 96.57 97.59 SI 
AL 
P 
CU 

96.57 
1.03 
0.57 
1.84 

.07 
,52 
,81 

SILICON 

SEMI-QUANTITATIVE ANALYSIS: POSITIVE CONTACT 

H 
H 
Ul 



CONTACT # 3 
CONTACT #2 SILICON OXIDE 

Filament 

EL WT.% AICM.% SILICON 
16.85 16.81 
78.03 80.73 

SI 
AL 
P 0.48 0.44 
CU 4.63 2.02 

SEMI-QUANTITATIVE ANALYSIS: Filament (#2-#3) 

H 
C\ 



APPENDIX B 

CHARACTERISTIC TRIM CURVES FOR MAJOR CASES 
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Fig. 1. Normalized resistance versus pulse current for standard ("STD") case. 
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Fig. 8. Change in resistance versus pulse current for the preheat ("PH1 A") case. 
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Fig. 11. Normalized resistance versus pulse current for anneal ("ANL1") case. 
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Fig. 12. Change in resistance versus pulse current for anneal ("ANL1M) case. 
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Fig. 13. Normalized resistance versus pulse current for the exponentially decreasing 
pulse current increment ("EXP") case. 
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Fig. 15. Normalized resistance versus pulse current for the linearly decreasing pulse 
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Fig. 17. Normalized resistance versus pulse current for the linearly decreasing pulse 
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