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Effect of Reduced Temperature on the fT of 
AlGaAs /GaAs Heterojunction Bipolar 

Transistors 
J. Laskar, A. W. Hanson, B. T. Cunningham, James Kolodzey , Senior Member, ZEEE, 

Gregory Stillman, Fellow, ZEEE, and Swamy J. Prasad, Member, ZEEE 

Absstract-The high-frequency and dc performance of single- 
heterojunction AI,,Ga,,,As/GaAs HBT’s have been meas- 
ured at temperatures between 300 and 110 K. We have found 
that the maximum unity-current-gain cutoff frequency fT in- 
creases from 26 GHz at 300 K to 34 GHz at 110 K. The results 
at 110 K are not adequately described by the simple estimate for 
base transit time, 7B = W,2/2D,,, at least until corrections for 
degeneracy and minoritycarrier mobility enhancement are in- 
cluded. Reasonable agreement can also be obtained assuming 
that base transport is limited by the thermal velocity of electrons 
at reduced temperatures. 

ONSIDERABLE work has been conducted over the past C 30 years on the temperature dependence of various 
bipolar transistor parameters. The most frequently observed 
parameter has been the common-emitter current gain P ,  
which typically decreases quasi-exponentially with decreasing 
temperature. This is generally associated with the difference 
in apparent bandgap narrowing in the emitter and base re- 
gions of homojunction devices [ 11. However, very little work 
has been conducted on the temperature dependence of the 
high-frequency performance of heterojunction bipolar transis- 
tors [ 2 ] ,  [3]. To investigate the temperature dependence of 
carrier transit times in these devices, we have performed a 
series of high-frequency and dc measurements on 
NGaAs/GaAs HBT’s at cryogenic temperatures. The varia- 
tion in unity-current-gain cutoff frequency f ,  with tempera- 
ture indicates that the predominant transport mechanism 
through the neutral base of the device is not purely diffusive. 

The epitaxial device structures were grown by low-pres- 
sure MOCVD in an EMCORE GS3100 reactor. The growth 
parameters are similar to those previously reported elsewhere 
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[ 4 ] .  The subcollector was 600 nm thick and doped to n = 5 
x 10’’ ~ m - ~ .  The collector was 500 nm thick and doped to 
n = 5 x 10l6 ~ m - ~ .  The base was 100 nm thick and doped 
to p = 1 x l O I 9  cm-3 and was followed by a 10-nm-thick 
unintentionally doped setback layer. The Al ,Gal -.As emit- 
ter was 120 nm thick and doped to n = 5 x 10” ~ m - ~ .  The 
composition was linearly graded from x = 0.0 to 0.25 over 
30 nm on both sides of the emitter to eliminate the formation 
of a potential spike barrier A E. The A E is less than 3 meV 
at 300 K as determined by the technique outlined in [ 5 ] .  The 
emitter contact layer was 100 nm and doped to n = 5 X 10l8 
~ m - ~ .  The devices studied were fabricated using a non-self- 
aligned process, with emitter dimensions of 3.5 x 10 pm2 
and collector dimensions approximately four times larger. 

Direct current and microwave measurements were made 
from 300 to 90 K. S parameters were measured from 0.5 to 
20 GHz with an HP 8510B network analyzer and a vacuum 
cryogenic probe station equipped with Cascade Microtech 
probes, the details of which have been outlined elsewhere 
[6]. The measurement system was calibrated off-wafer using 
a Cascade Microtech impedance standard. The microwave 
results reported here are based on the extrinsic measure- 
ments. The measured S parameters were converted to H 
parameters and extrapolated versus frequency following a 
6-dB/octave rolloff to determine the f ,. Typical H2, versus 
frequency curves at 300 and 110 K are shown in Fig. 1. The 
peak value of f T  at each temperature monotonically in- 
creases from 300 to 110 K as shown in Fig. 2 .  

The f T  of an HBT is related to the total response delay 
time by 

where the total emitter-collector transit time 7Ec is the sum 
of the individual delays encountered in the device: T~ = 
emitter base charging time, T~~ = collector charging time, 
and T~ = intrinsic transit time = 7s + zScL, where rB = 
neutral base transit time and T~~~ = base-collector deple- 
tion-width transit time. The collector charging time has been 
determined from low-frequency s-parameter data [7]. The 
emitter charging time was calculated from material and geo- 
metrical data. Small-signal element values have been calcu- 
lated from the measured s parameters and verified by fitting 
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Fig. 2. Peak unity-current-gain cutoff frequency fr (GHz) versus T (K) 

for a single 3.5 x 10-pmz emitter-finger HBT device. 

TABLE I 
VARIOUS MEASURED AND CALCULATED HBT DEVICE PARAMETERS 

Parameter T =  300K T =  llOK 

14 
2.0 
1.3 
2.6 
1.5 
100 
2.25 
26 
12 
125 
81 
5.23 
4.0 
3.2 
26 

23 
2.1 
1.6 
0.7 
1.4 
55 
1.36 
20 
10.5 
22 1 
109 
5.03 
8.5 
2.1 
34 

to a small-signal equivalent circuit as in [8]. Table I gives the 
values of small-signal element values and other important 
device parameters extracted from the data. 

An effective velocity across the neutral base and the 
base-collector depletion region can be determined from rF 
bY 

where W,, is the base-collector depletion width and W, is 
the neutral base width. We find that the vef increases from 
3.8 X lo6 to 5.9 x lo6 cm/s, a 55% increase, when the 
device is cooled from 300 to 110 K. The extent of velocity 
enhancement through the base- collector depletion width can 
be determined from (1) if a 7, can be determined. A value 
for 7, can be directly calculated based on diffusive transport 

using the expression r, = W: /2 D,, where D,, is the diffu- 
sion coefficient for minority-carrier electrons in the base 
region of the device. A value for D, is usually approximated 
by applying the Einstein relation to the majority-carrier mo- 
bility p,, with the understanding that this is an upper limit 
approximation to the minority-carrier mobility p,, I at 300 
K. Using 1650 cm2/V s for p, [9], however, yields a 7, 
greater than the rF measured for the device at 110 K, 
implying unphysical (negative) values for rscL and the 
base-collector depletion-width velocity uscL. 

Both theoretical and experimental work on the minority- 
carrier mobility temperature dependence in p+ GaAs has 
shown that p,,, actually surpasses p, at low temperatures 
[lo], [ 1 11. Although previously published results have not 
included calculations for NA as high as 1 x 1019 cmP3, 
Monte Carlo calculations for p,,- at NA = 1 x 10l8 cm-3 
increase by a factor of about 1.6 from 300 to 110 K [lo]. 
Experimentally, pnlmin at 77 K and NA = 4 x 10l8 cm-3 
has been shown to increase by as much as a factor of 5 [ 111. 
In addition, the effective minority-carrier concentration n in 
the base region is high at the values of collector current 
densities required to obtain maximum f T ,  especially at 110 
K. In fact, the value of n exceeds the effective conduction 
band density of states N, at 110 K, and this calls into 
question the validity of the Einstein relation under these 
conditions. This effect can be accounted for by using an 
approximation presented by Kroemer [ 121. We estimate a 
factor of 3.5 increase in the minority-carrier mobility based 
on the experimental results at 77 K and the temperature 
dependence detailed in [lo]. Applying both of these correc- 
tions to our estimate of 7, yields a corrected 7; of 0.88 ps 
and a corresponding ukcL of 5.8 x lo6 cm/s, an increase of 
53% over the room-temperature value. This agrees quite well 
with changes in high-field electron velocity as a function of 
temperature measured by independent, microwave, time-of- 
flight measurements [13]. Table II summarizes these calcu- 
lated results. (The single prime on T; and uhcL designates 
correction for both degeneracy and the temperature depen- 
dence of minority-carrier mobility.) 

Theoretical calculations have shown that in the limit of a 
thin uniformly doped base, the base transport will be limited 
by the thermal velocity of minority electrons across the base 
[14]. We can estimate 7, and 7scL using the thermal veloc- 
ity uT calculated as 

2k,T ' I2  
(3) U T =  - [ rm* I 

where m* is the electron effective mass in GaAs. We find 
that for T = 110 K, uT = 1.3 x lo7 cm/s resulting in a 
velocity through the base-collector depletion width uscL them 

= 5.7 x lo6 cm/s, which also agrees with microwave time- 
of-flight results. This agreement in the percentage change 
suggests that transport through the neutral base of an HBT 
may not be purely diffusive at cryogenic temperatures. 

In summary, we have measured a 31 % increase in f 
when cooling AlGaAs/GaAs HBT's from 300 to 110 K. 
Velocity enhancement through the base- collector depletion 
width is responsible for improved device operation at cryo- 
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TABLE II 
HBT BASE TRANSIT TIMES AND COLLECTOR VELOCITIES 

33 1 

REFERENCES 

78 @s) 1.4 3.9 
3 (PS) 1.3 0.88 
78 them (PS) 0.5 0.87 
USCL ( 4 s )  3.8 x lo6 N.A. 
UiCL (cm/s) 3.7 x 106 5.8 x lo6 
USCL therm (cm/s) 2.6 x lo6 5.7 x lo6 

T~ and vscL are based on simple diffusion theory. 
and vicL are based on simple diffusion theory, but including correc- 

tions for both degeneracy and minority-carrier mobility temperature depen- 
dence. 

T~,,,~,.,,, and uSCLthem are based on thermal velocity limit. 

genic temperatures. Based on the extracted values of T ~ ,  we 
show that electron diffusion as determined from the 
majority-carrier mobility does not accurately estimate the 
base transit time T ~ .  By accounting for high-level injection 
and an increase in the minority-carrier mobility in the base, 
uiCL values of 3.7 x lo6 and 5.8 x lo6 cm/s are calculated 
at 300 and 110 K, respectively. We can also calculate uscL 
based on a thermal velocity limit through the base region 
yielding uScLthem of 2.6 X lo6 and 5.7 X lo6 cm/s at 300 
and 110 K, respectively. Further work is necessary to fully 
understand the minority-carrier transport mechanism in thin 
highly doped base and collector space-charge regions at 
cryogenic temperatures. 

ACKNOWLEDGMENT 
The authors would like to acknowledge Dr. S. J. Prasad’s 

group at Tektronix Labs for fabricating the devices, and S .  
Thomas for helping with the development of the low-temper- 
ature, dc data acquisition software used for this work. In 
addition, we would like to acknowledge donations of equip- 
ment from Tektronix, Cascade Microtech, and Hewlett- 
Packard. 

J. D. Cressler, D. D. Tang, K. A. Jenkins, G.-P. Li, and E. S. Yang, 
“On the low-temperature static and dynamic properties of high-per- 
formance silicon bipolar transistors,” IEEE Trans. Electron De- 
vices, vol. 36, p. 1489, Aug. 1989. 
N. Chand et al., “Temperature dependence of current gain in Al- 
GaAs/GaAs hetemjunction bipolar transistors,” Appl. Phys. Lett., 

P. M. Enquist, L. R. Ramberg, F. E. Najar, W. J. ScM, and L. F. 
Eastman, ‘‘Heterojunction bipolar transistor using pseudomorphic 
GaInAs for the base,” Appl. Phys. Lett., vol. 49, pp. 179-180, 
July 1986. 
B. T. Cunningham, G. E. Stillman, and G. S. Jackson, “Carbon-doped 
base GaAs/AlGaAs heterojunction bipolar transistor grown by met- 
alorganic chemical vapor deposition using carbon tetrachloride as a 
dopant source,” Appl. Phys. Lett., vol. 56, p. 361, Jan. 1990. 
H. H. Lm and S. C. Lee, “Direct measurement of the potential spike 
energy in AIGaAs/GaAs single-heterojunction bipolar transistors,” 
IEEE Electron Device Lett., vol. EDL-6, p. 431, Aug. 1985. 
J. Lash and J. Kolodzey, “Cryogenic vacuum high frequency probe 
station,” J. Vac. Sci. Technol. B,  vol. 8 ,  p. 1161, Sept./Oct. 1990. 
G. Dambrine, A. Cappy, F. Heliodore, and E. Playez, “A new 
method for determining the FET small-signal equivalent circuit,” 
IEEE Trans. Microwave Theory Tech., vol. 36, p. 1151, 1988. 
Y. K.  Chen, R. N. Nottenburg, M. B. Panish, R. A. Hamin, and D. 
A. Humphrey, “Subpicosecond InP/InGaAs heterostructure bipolar 
transistors,” IEEE Electron Device Lett., vol. 10, p. 267, June 
1989. 
C. Hilsum, “Simple empirical relationship between mobility and 
camer concentration,” Electron. Lett., vol. 10, p. 259, 1974. 
M. Walukiewicz, J. Lagowski, L. Jastrzebski, and H. C. Gatos, 
“Minority-carrier mobility in ptype GaAs,” J .  Appl. Phys., vol. 
50, p. 5040, July 1979. 
M. I. Nathan et al., “Electron mobility in ptype GaAs,” Appl. 
Phys. Lett., vol. 52, p. 654, Feb. 1988. 
H. Kroemer, “The Einstein relation for degenerate carrier concentra- 
tions,” IEEE Trans. Electron Devices, vol. ED-25, p. 850, July 
1978. 
T. H. Windhom, T. J. Roth, L. M. Zinkiewicz, 0. L. Gaddy, andG. 
E. Stillman, “High field temperature dependent electron drift veloci- 
ties in GaAs,” Appl. Phys. Lett., vol. 40, p. 513, Mar. 1982. 
C. M. Maziar and M. S. Lundstrom, “On the estimation of base 
transit time in AlGaAs/GaAs bipolar transistors,” IEEE Electron 
Device Lett., vol. EDL-8, p. 90, Mar. 1987. 

vol. 45, p ~ .  1086-1088, NOV. 1984. 

Authorized licensed use limited to: University of Illinois. Downloaded on January 8, 2010 at 13:07 from IEEE Xplore.  Restrictions apply. 


