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Saturated Resistor Load for GaAs Integrated
Circuits

CHIEN-PING LEE, MEMBER, IEEE, BRYANT M. WELCH, MEMBER, IEEE,

AND RICARDO ZUCCA, SENIOR MEMBER, IEEE

.4b@ract —Saturated resistors, two-terminaf load devices, have been

fabricated and evaluated as pnfl-up loads for GaAs digital integrated

circuits. The saturated resistor loads exfdblt superior device characteristics

compared with FET active loads. Up to 100-pereent improvement iu the

uniformity of the saturation current has been obtained. Ring oscillators
with saturated resistor pull-up loads have shown - M-percent lower

speed-power produets than ring oscillators with FET active loads. This
superior circuit performance is attributed to 1) no gate capacitance, and 2)

less backdating effect. Reliability studies using accelerated aging have

shown that circuits are more reliable when saturated resistor loads are

used.

I. INTRODUCTION

I NAN INTEGRATED circuit, the load devices play

very important roles in both the functionality and the

performance of the circuit. Typically, active loads with

nonlinear current saturation characteristics are used to

provide fast and power-saving switching operations. In

GaAs digital integrated circuits, regardless of the circuit

approach one may select, Schottky diode FET logic (SDFL),

directly coupled FET logic (DCFL), or buffer FET logic

(BFL), nearly half of the circuit components are active

loads. Usually an active load is constructed from a deple-

tion-mode FET with its gate connected (shorted) to its

source. Therefore, it is fabricated and designed like a

three-terminal device, although it only provides a two-

terminal function. A simpler and more natural approach

would be to use a two-terminal device, as shown in Fig. 1,

to achieve the desired current saturation characteristics. It

has been reported that in GaAs this resistor structure can

indeed provide a saturation characteristic and be used as a

current stabilizer [1] and a load device [2]. The current

saturi~tion in this structure is obtained from the velocity

saturation of the carriers. The low saturation field in GaAs

( -3 kV/cm compared to -20 kV/cm in Si) makes it

possible to fabricate these saturated resistors with practical

dimensions and use them effectively in integrated circuits

operating at low voltages. In this paper, we report on the

fabrication of saturated resistors using our planar technol-

ogy [3] and on their electrical characteristics. Comparisons

of device characteristics, circuit performance, and thermal
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Fig. 1. A schematic drawing of the cross section of a saturated resistor.

reliability between circuits with FET active loads and

circuits with saturated resistor loads are also presented.

II. DEVICE FABRICATION

The fabrication of a saturated resistor is compatible with

our standard wafer processing which utilized planar selec-

tive ion-implantation techniques [3]. The structure of the

saturated resistor, shown in Fig. 1, is similar to a FET

without the Schottky gate. The n – channel is obtained by

the same Se implantation as the FET channel. An addi-

tional n+ Si implantation under the ohmic contact regions

is the same as that used in the source and the drain of the

FET’s for minimizing the contact resistance. The surface of

the device is protected by a Si3NA film and the two

electrodes are alloyed AuGe/Ni contacts. The spacing

between the n+ regions is typically 2.5 pm.

Since Schottky gates are not used in the saturated resis-

tors, potential problems encountered during fabrication of

short gate FET’s such as metal bridging, gate dimensional

control, broken gate, etc., are not present. Higher process

yield resulting from using such a simple resistor structure

should greatly benefit the fabrication of dense and highly

complex LSI/VLSI circuits.

III. DEVICE CHARACTERISTICS

Typical I–V characteristics of saturated resistors with

three different widths (1 pm, 2 ~m, and 3 pm) are shown

in Fig. 2. Good saturation characteristics are obtained even

with 1-pm wide devices. The saturation voltage is typically

1 V with 2.5-pm spacing between the n+ implanted elec-

trodes. Because there is no depletion region associated with

a Schottky gate, a saturated resistor has a thicker current

conduction path than a FET. The measured saturation

current is more than two times higher than the saturation

current (lD~~ ) of a same-sized FET. This higher current

carrying capability results in space saving and allows the

fabrication of denser GaAs integrated circuits. The 1-V

saturation voltage is adequate for most of our circuits.

Lower saturation voltage may be obtained by reducing the

gap between the two electrodes. However, one has to be
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Fig. 2. Current-voltage characteristics of three saturated resistors with
width equal to 1 pm, 2 pm, and 3 pm.

careful when fabricating very short-gap structures since the

saturation current can increase and the output resistance

can decrease due to a combination of lateral diffusion of

n+ dopants in the channel and substrate leakage between

electrodes.

The current saturation mechanism of a saturated resistor

is based on the velocity saturation of carriers at high fields.

Assuming a uniformly doped channel active layer, the

saturation current is

Is= wqnu~a

a na (1)

where w is the width of the device, q is the electronic

charge, n is the carrier concentration, o, is the saturation

velocity, and a is the depth of the active layer. Since the

saturation velocity of is independent of process variations,

the saturation current is only proportional to the product

of n and a. In contrast, the current saturation mechanism

of a low-threshold FET is mainly controlled by the Schot-

tky gate. The saturation current at zero gate to source

voltage is given by [4]

v;
.a—

+ q2n2a3

aLz
—-% (2)
4C2LZ g

where VT is the threshold voltage of the FET, p is the

electron mobility, c is the perrrtittivity of GaAs, VB is the

built-in potential of the Schottky gate, and Lg is the gate

length. The saturation current 1~~~ is much more depen-

dent on the process variations than the saturation current

of a saturated resistor. Any variations in process parame-

ters such as the Schottky barrier height of the gate metal,

the gate length, and the implant profile parameters a and

n, will result in much larger nonuniformity in the FET

saturation currents than in the saturated resistor currents.

Experimentally we have observed up to 100-percent im-

provement in the current uniformity of saturated resistors
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Fig. 3. Histograms of the saturation current distribution of saturated
resistors with width equal to 1 pm, 2 pm, and 3 pm. Each graph
consists of data obtained from 36 devices uniformly distributed across a
l-inch-square wafer.

over FET’s. Fig. 3 shows the wafer histograms of satura-

tion current for arrays of 36 1-pm, 2-pm, and 3-pm wide

saturated resistors on the same one-inch-square wafer. The

histograms show - 5.6-percent standard deviation in the

saturation current for all three size resistors measured.
From the data acquired from 14 wafers, an average of

92-percent improvement in the current uniformity of

saturation resistors over FET’s has been obtained. To

illustrate this advantage in current uniformity an experi-

ment was carried out using different ion-implanted doses

in separate quadrants of a wafer to purposely create a large

difference in the implanted profiles. The saturation cur-

rents of the FET’s and the saturated resistors were then

measured and compared. Fig. 4(a) and 4(b) are the maps

and the histograms of the current distributions. The satura-

tion current of the FET’s, shown in Fig. 4(a), has a

standard deviation of 61.7 percent, while the saturation

current of the saturation resistors, shown in Fig. 4(b), has
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Fig. 4. Map and histogram for the saturation current of (a) 50-pm FET’s and (b) 3-pm
satnrated resistors. The wide spread in current distribution is due to different implant
dose in each quadrant of the wafer.

only 28.2-percent sttidard deviation. In this experimental

worst case, more than 100-percent improvement in the

current uniformity was obtained.

Because the current for the saturated resistors is higher

than that of the FET active loads with the same geometry,

one has to use a smaller width saturated resistor to replace

a FET load. In many situations, very small saturated

resistors are required. Therefore, it is ne&ssary to know

how the saturation current scales with the width of the

resistor when it is small. Fig. 5 shows the average satura-

tion currents of l-pm, 2-pm, and 3-pm wide saturated

resistors which are uniformly distributed across a wafer.

Each point on the curve represents the average current for

36 devices; the error bar indicates the standard deviation

of the current. A straight-line scaling relation is obtained

even for devices down to 1 pm wide. The straight line
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Fig. 5. The relation between the saturation current and the width of the
saturated resistor.

intersects the horizontal axis at x ~ – 0.25 pm, indicating

that the actual width of the device is about 0.25 pm wider

than the designed value due to photolithographic line

width control.

IV. CIRCUIT PERFORMANCE

A. Ring Oscillator Performance

The impact of the load design on circuit performance

was studied using SDFL ring oscillators. Shown in Fig. 6

are two kinds of 9-stage ring oscillators containing 10-pm

wide, l-pm long gate switching FET’s, and 2-pm pull-down

FET active loads. The only difference between these ring

oscillators is in the pull-up loads. One had S-pm wide FET

active loads and the other had 3-pm wide saturated resistor

loads as indicated in the photograph of Fig. 6.

The circuits were tested on wafers with FET’s exhibiting

about 1-V threshold voltages. The positive power supply

voltage V~~ was fixed at 2 V, and the negative power

supply P’s~was varied from – 0.5 V to about – 2.5 V. The

gate propagation delay ~, the pull-up current 1~~, and the

pull-down current ls~, were measured as functions of J&

Comparison of performance of two ring oscillators with

different pull-up load structures is shown in Fig. 7. Both

circuits operated at almost identical current values, indicat-

ing equivalent power levels, but the ring oscillator with

saturated resistor loads exhibited about 20 percent lower

propagation delays than the ring oscillator with FET pull-

up loads. Gate propagation delays in the range of 60–90 ps

were obtained for the circuit with saturated resistor loads

comparing to the 80– 130-ps propagation delays for the

circuit with FET active loads. This improvement in speed

is mainly attributed to the fact that saturated resistor loads

have no gate capacitance and are less sensitive to backdat-

ing effects (discussed in the next section). The switching

speed might be further increased if the pull-down FET’s

are also replaced by saturated resistors. However, because

the size of the pull-down FET is already very small (2 pm),

the fabrication of even smaller ( <1 pm) saturated resistor

pull-downs would be very difficult and has not yet been

attempted.

We have also fabricated ring oscillators with the two

8 #m

FET LOADS

(a)

3 ~m
S.FL LOADS

(b)

Fig. 6? Photographs of ring oscillators with (a) FET pull-up loads and
(b) saturated resistor pull-up loads. The loads are indicated in the white
circles.
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Fig. 7. Comparison between performances of two ring oscillators with
different pull-up loads. With the same power consumption level the
circuit with saturated loads is 20 percent faster than the circuit with
FET active loads.

types of pull-up loads designed in such a way that they

operated at the same speed. In this case, we have seen that

the circuit with saturated resistor loads consumed about 20

percent less power than the circuits with FET active loads.
Therefore, it appears that regardless of whether we match

the operating speed or the power consumption for the two

types of pull-ups, the speed-power product of circuits with

saturated resistor loads is always about 20 percent better

than that of circuits with FET active loads.
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pm apart from each other with a 2-pm wide ohmic contact

finger located between these two devices serving as a

backdating electrode. The normalized saturation currents

(measured at VD~ = 2.5 V) of these two devices are plotted

against the negative backdating voltage V~~ applied to the

ohmic finger. The curves in the figure show that the

percentage change in saturation current due to backdating

for the FET is about two times higher than the percentage

change for the saturated resistor.

The impact of the backdating effect on the circuit perfor-

mance was again evaluated by using ring oscillators. A

wafer which exhibited a strong backdating effect was

selected for this experiment. The circuits were tested in the

same manner described above; VDD was fixed at 2.2 V and

V~~ was used as a variable. Tests were carried out at 25°C

and 125 ‘C. The results are shown in Fig. 10. Comparison

of performance between a circuit with FET pull-up loads

and a circuit with saturated resistor loads was made at

both temperatures. At 25”C, the circuit with saturated

resistor loads is not only faster (smaller ~), but the rate of

increase of r with increasing absolute value of V.. is much

lower. This lower sensitivity is attributed to the lower

sensitivity of the saturated resistor pull-up loads to the

backdating effect of ~~.
Another advantage resulting from less backdating when

using saturated resistor loads is less temperature sensitivity.

When temperature is increased the backdating effect de-

-J creases [7]. At 125°C the propagation delays of both cir-
0 -1 -2 -3

BACKDATING VOLTAGE VBG (V)

Fig. 9. Comparison of backdating characteristics between a FET and a
saturated resistor. The normalized saturation currents are plotted against
the backdating voitage applied to the ohmic finger.

B. Backdating Characteristics

Because the high resistivity of semi-insulating GaAs is

obtatied by impurity compensation, a space charge region

exists at the active channel-substrate interface. The device

characteristics can be influenced through the modulation

of the space charge region by the negative voltage applied

to the adjacent devices [5], [6]. This so-called backdating

effect can degrade device performance and prevent optimal

circuit operation. Backdating in a FET is different from the

backdating in a saturated resistor. This can be explained by

the device structures shown in Fig. 8. In a saturated

resistor, because there is no space charge region due to the

Schottky gate, the effective current conduction path is

much thicker than that of a FET. The backdating effect,

which comes from the modulation of the space charge

region at the channel-substrate interface is therefore smaller

in a saturated resistor than in a FET.

In low threshold voltage ( -1 V) devices, the current

carg~ing capability of a saturated resistor is about 2–3

times that of a FET active load of equal width. Hence, a

2–3-times advantage in the backdating effect should be

observed. A comparison of the backdating characteristics

of the two devices is shown in Fig. 9. The test structure has

a 10-pm FET and a 10-pm saturated resistor located 26

cuits are not sensitive to vs~ over a wide voltage range.

However, comparing the performance at 125°C and the

performance at 25 “C, much larger changes in the current

values and propagation delay are observed in the circuit

with FET pull-up loads. The lower temperature sensitivity

of the circuit with saturated resistor pull-ups is not only

due to lower backdating, but also to the lower sensitivity of

the characteristics of a saturated resistor to temperature. In

a FET, the built-in potentials at the Schottky junction and

the channel-substrate junction decrease when temperature

is increased, causing the threshold voltage and, therefore,

the magnitude of the saturation current to increase [8]. In a

saturated resistor, where the Schottky junction is not pre-

sent, the channel-substrate junction is mainly responsible

for the change in device characteristics (ignoring mobility

changes with temperature). Therefore, the temperature de-

pendence is lower.

C. Reliability

For GaAs FET’s, the most common causes for device

failure are degradation of ohmic contacts and degradation

of Schottky gates [9], [10]. The characteristics of a FET

depend strongly on the contact resistance at the source and

the drain, and on the properties of the Schottky barrier.

For a saturated resistor, the saturation current, as ex-

pressed in (l), does not depend on either the contact

resistance of the electrodes or the characteristics of the

Schottky barrier. Therefore, circuits which use saturated

resistors as loads should be more reliable than circuits

which use FET active loads.
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of oscillator is plotted against aging time.

Accelerated aging test (without bias) on the two types of

ring oscillators with different pull-up loads were ca~ried

out in order to compare their reliabilities. The circuits were

tested before and after aging using fixed bias voltages

common to all the circuits and all the tests. The normalized

frequency of oscillation versus aging time is plotted in Fig.

11. The open circles correspond to ring oscillators with

FET pull-up loads, and the solid dots correspond to ring

oscillators with saturated resistor pull-up loads. Each data

point in the figure is the average value obtained from 15

circuits. It is shown in the figure that the ring oscillators

with saturated resistor loads degrade much slower than the

ring oscillators with FET active loads. After aging for 64 h

at 300”C, an average of 18-percent degradation in the

frequency of oscillation is observed for the circuits with

FET active loads, while only 8 percent degradation is

observed for the circuits with saturated resistor loads. At

325”C, the degradation rate is higher for both types of

circuits, however an advantage factor of about two in the

percentage change of the oscillation frequency is again

observed for the circuits with saturated resistor loads. By

monitoring the currents flowing from the power supplier to

the circuits, we found that the frequency degradation of

ring oscillators was related to the decrease of the pull-up

current IDD. For circuits with FET loads, the lDD decreased

with aging time at a much faster rate than the lDD of the

circuits with saturated resistor loads. This clearly indicates

that the load currents of saturated resistors are much more

stable than the currents of the FET’s. The degradation of

ohmic contacts and Schottky gates contributed to the

change in current for FET pull-ups while it had little effect

on the current of saturated resistors.

V. CONCLUSION

A two terminal load device, the saturated resistor, has

been fabricated and applied to GaAs integrated circuits.

Besides ease of fabrication, it has several advantages over

FET active loads. Because of their higher current carrying

capability, saturated resistors occupy less area and allow
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the fabrication of denser circuits. The uniformity of the

saturation current is higher; up to 100-percent improve-

ment has been observed over the FET active load. Circuits

fabricated with saturated resistor loads have been shown to

be faster and more power saving due to the advantages of

no gate capacitance and smaller backdating effect. Finally,

circuits designed with saturated resistor loads have been

shown to be more reliable.

As GaAs integrated circuits enter into the LSI/VLSI

era, the requirements on the device uniformity, ‘circuit

performance, and circuit yield are extremely stringent.

Over the past few years, a large effort has been put into

improvements in material growth [11], wafer processing

[12], and ion-implantation techniques [13] in order for

GaAs to merge as a viable integrated circuit technology.

This work has served to illustrate how improvements in

circuit yield, performance, and reliability can also be ob-

taimed through the use of saturated resistors independently

of material and processing improvements. The use of

saturated resistors as load devices should greatly benefit

the tGaAs integrated circuits in the future.
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