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Temperature dependence of minority and majority carrier mobilities
in degenerately doped GaAs

Michael L. Lovejoy
Sandia National Laboratories, Albuguerque, New Mexico 87185

Michael R. Melloch and Mark S. Lundstrom
School of Electrical Engineering and the MRSEC for Technology-Enabling Heterostructure Materials,
Purdue University, West Lafayette, Indiana 47907-1285

(Received 11 May 1995; accepted for publication 14 June 1995

Measured minority and majority carrier mobility temperature dependencies in heavily doped
p-GaAs are compared. Majority carrier mobilities in heavily doped GaAs are essentially temperature
(T) independent while minority carrier mobilities exhibit a roughlyTldependence. Majority
carrier freezeout, which reduces both majority—minority carrier and ionized impurity scattering, is
shown not to be responsible for theTLminority carrier mobility dependence. The difference in
minority and majority carrier mobilityr dependencies is explained in terms of the increased degree
of degeneracy of majority carriers with decreased temperature, which decreases majority—minority
carrier scattering. ©.995 American Institute of Physics.

Minority carrier transport parameters are critical for ac-0.04 um to ~1x10*® cm™2 n-Alg,/Ga,-As, and 0.15
curate device modeling and device structure optimization. Oym to ~2x10*® cm™3 n-GaAs. ZFTOF measurements
great importance for modeling all bipolar devices, includingwere made at device temperatures of 295, 237, 181, 134,
heterojunction bipolar transistor$iBTs), solar cells, and 103, and 83 K; measurement and analysis procedures were
photodiodes, is the minority carrier mobility. Significant described previoush
work has been performed to measure minority electron mo-  Hall effect measurements were performed onrti@aAs
bility in p*-GaAs~’ while the reports of minority hole mo- in which the minority hole mobility was measured and on
bility are scarcé. The recent discovery that in heavily doped comparably dopeg-GaAs. In addition, we measured both
GaAs the 300 K minority carrier mobilities are higher than majority electron and majority hole mobilify dependencies
majority carrier mobilities significantly impacts device de- in material comparably doped to that in which Beyzawal.
sign. This is exemplified by a recent report of the perfor-measured the minority electron mobilityvajority Hall mo-
mance ofPnp AlGaAs/GaAs HBTS which was better than pilities were measured in the ZFTOF structure and in similar
predictions because the predictions were based on majoristructures where the emitter doping concentration and type
hole mobility. The doping dependencies of minority mobili- were 4.2<10'® cm™3 n-GaAs, 1.5<10'® cm 2 p-GaAs
ties in heavily doped GaAs, which differs greatly from thatand 4.2< 108 cm 3 p-GaAs. Of course, other layer types
of majority mobility, have been established. However, a meaand concentrations were changed to insure negligible deple-
surement of the temperatuf®) dependence of minority hole tion of the emitter layer and that good junction isolation were
mobility with a comparison of temperature dependencies ofchieved. Contact layers were removed by wet etching to
minority and majority carrier mobilities in heavily dop@d  realize accurate Hall measurements. The samples are degen-
andn-GaAs has not been reporteddependence of minority erately doped which implies a Hall factor ef1. Hall mea-
carrier mobility provides essential information for device de-surements from 80 to 300 K were performed with a close-
sign and serves as a sensitive probe of minority carrier scatycle cryostat, at 0.633 T and with a current density in the
tering physics. In this letter, we report a rigorous comparisoractive layer of<200 A/cnt.
of T dependencies of both hole and electron, minority and  In the T range investigated, the minority hole mobility in
majority, mobilities in degenerately doped GaAs. n-GaAs doped 1.810'® cm 3 has an approximately

We extended the zero-field time-of-fligtdFTOF) tech-  1/T dependence that varied froh®15 cn?/V s at 80 K to
nique to make continuously variable minority carrier mobil- 235 cnf/V s at 300 K. These data are shown in Fig. 1 along
ity measurement§ and have measured the minority hole with the majority electron Hall mobilities measured in the
mobility in heavily dopedn-GaAs. The material for this n-GaAs sample in which the minority hole mobility was
study was grown in a GEN-Il molecular epitaxy system withmeasured and in comparably doped-GaAs (1.5
silicon and beryllium as the- and p-type dopants, respec- x10'® cm™3). Little T dependence is exhibited by either
tively. The ZFTOF technique uses specially designed photomajority carrier Hall mobility. The majority hole mobility is
diodes that are excited by a high-speed 600 nm laser systeapproximately constant at185 cnf/V's and the majority
(5 ps FWHM. The cryostat design, including device pack- electron mobility is constant at2800 cnf/V's. The very
aging, low-loss feedthroughs and temperature measuremedifferent T-dependent characteristics show that different
scheme, has been described previolfSlhe ZFTOF device dominant scattering mechanisms determine the mobilities of
structure is as follows:p™-substrate, 1.0um—-5x10®  the majority carriers and the minority holes.
cm 3 p-GaAs, 1 um-1.8<10'® cm™3 n-GaAs emitter, The same trend is found in a comparison of measured

Appl. Phys. Lett. 67 (8), 21 August 1995 0003-6951/95/67(8)/1101/3/$6.00 © 1995 American Institute of Physics 1101
RIGHTS L



F T I T | 1 T4 T
o 7

—

1.8 x 10" cm™ n-GaAs
~5 Minority Hole
—&~ Majority Electron
. . 1/T fit p
. e, 15x 10" cm” p-GaAs ]
r 5&%\ —¢ Majority Hole E

—6— Hole Mobilities
—3- Electron Mobilities

1000

Mobility (cm?/V.s)

Minority/Majority Mobilities Ratio

100 YL ] 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 50 150 200

Temperature (K) Temperature (K)

FIG. 1. Mobility vs temperature for minority holes in @0 cm3 FIG. 3. Minority/majority mobility ratios for data shown in Figs. 1 and 2.
n*-GaAs measured with the ZFTOF technique, for majority electrons in theFor the entire temperature range investigated the ratio of hole mobilities is
n*-GaAs and for majority holes ip-GaAs doped to 1.410'8 cm™3. A greater than 1, while the ratio of electron mobilities is greater than 1 only
1/T temperature dependence is found for minority hole mobility while ma-below 150 K. The ratios exhibit a roughly T/dependence.

jority Hall mobilities are roughly constant.

than unity over the entir@ range investigated while the ratio
for electrons is less than unity at 300 K and does not become
greater than unity until below 150 K. The ratios for holes and
electrons show the same trends which suggests that the dif-
ferent scattering mechanisms that are responsible for deter-
mining the minority and the majority carrier mobilities for
both carrier types are the same. As shown in Fig. 2, because
the minority carrier mobilities exhibit a T/ dependence
Svhile majority carrier mobilities in comparably doped mate-
rial is relatively constant, both hole and electron mobility
ratios exhibit a 1T dependence with different multiplicative
factors.

To the author’s knowledge the only theoretical result for
the T dependence of minority carrier mobility in GaAs is that
by Walukiewiczet alX? In their treatment, minority—majority
carrier scattering was treated by the Brooks—Herring impu-
ity scattering rate formula which hasTd’? dependence and
hey included a screening length expression appropriate for
degenerate majority carrier system; their result is that minor-
ity electron mobility was predicted to have a weaker than

majority carrier mobilities and the minority electron mobility
of Beyzaviet al® Shown in Fig. 2 is our majority electron
mobility for n-GaAs doped to 4.210*® cm2 and ma-
jority hole mobility in p-GaAs doped to 4.210%* cm™3
which is comparably doped to that in which Beyza&tial.
measured the minority electron mobility with HBT unity
gain cutoff frequency f(;) measurements. Beyzavi's data are
also shown in Fig. 2. It is noted that their room-temperatur
measurement of minority electron mobility is slightly lower
than our ZFTOF minority electron mobility measurement.
In the temperature range investigated, the majority carrie
electron mobility and majority hole mobilities are relatively
constant at~2000 and~120 cnf/V s, respectively, while
minority electron mobility exhibits a I/ dependence as
shown in Fig. 2.

Shown in Fig. 3 is the ratio of minority/majority mobili-
ties versus temperature for the data shown in Figs. 1 and %
For holes the ratio of minority—majority mobilities is greater

T ' w3 ' 1/T dependence. However, Szmgtlal. derived a scattering
S000F % 4x10° cm” p-GaAs . . . -
\ S Marority Holes. rate expression for degen_erately dop(_::d mat_erla_l that is analo-
—e— Minority Electron by gous to the Brooks—Herring expression which is for nonde-
o A000F % Beyzavieral. 4 generate materidf The scattering rate expression for degen-
> * Min. Elec. (ZFTOF) erate systems is essentially independent. This result
B 30001 4x10%cm’nGaAs  + combined with the fact that the Walukiewiet al. theory did
= —&- Majority Electron not accurately predict mobility above x110*° cm™3
F 20001 . p-GaAs suggests that the scattering physics are more com-
§ o plicated than considered by the first theory.
wo-  Te=R . The temperature independence of majority mobilities in
heavily doped GaAs measured in this work is explained by
ok, : | , : - the theory of Szmydt aI.f_or d_egene_rately d_o_pet_j GaAs, bL_lt
30 100 150 200 250 300 the 1/T dependence of minority carrier mobility is not at this

Temperature (K)

time understood. It was speculated that carrier freezeout may
be responsible for the higher mobility of minority carriers

FIG. 2. Mobility vs temperature for both majority holes and majority elec- due to reduced ionized impurity scatteri?@hown in Fig. 4,

trons in comparably dopettx10'® cm™3) GaAs and for minority elec-
trons in 4x10'® cm 3 p*-GaAs [from Beyzavi et al. (Ref. 3]. The
majority Hall mobilities are found to be constant while alr'ltemperature

dependence is exhibited by the minority electron mobility.
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is Hall concentration versus temperature for the samples re-
ported in Fig. 1 and in material doped comparably to that in
which minority electron mobility was measured. As shown in
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T T T T T - fewer majority carriers that can participate in majority—

: Hole Concentration ] minority carrier scattering. The result would be an increase
g [ o Ny=15x10%cm® | in mobility with decreasing temperature which may be en-
g i = N,=42x10%em”® hanced by changes in screening properties as the majority
s Electron Concentration | carrier systems increase in degree of degeneracy.
g 10°F - Np=18x10 ‘om = 4 In conclusion, we report a comparison of measured mi-
5 5 2 Np=42x107em™ nority and majority carrier mobility temperature dependen-
°g’ e # & = ] cies. We show that majority carrier mobility in heavily doped
© 1 n- and p-GaAs is essentially temperature independent while
g S — 1 minority carrigr mobility has a roughly I/Femperatu_re de-
© sl e - pendence. It is shown that reduced impurity scattering due to

i 3 majority carrier freezeout is not the origin of theTliminor-

Ll L ' L ' L] ity carrier mobility dependence. A possible reason for the

50 100 150 200 250 300

Temperature (K) strong minority carrier mobilityT dependencies is the in-

creased degree of degeneracy with lower temperature expe-
FIG. 4. Hall carrier concentrations for samples of which data are shown ifienced by majority carriers which reduces the number of
Figs. 1-3. Significant carrier freezeout is not found for any of the samplesmajority carriers that can participate in minority—majority
carrier scattering events. More work is needed to understand
'this phenomenon. Furthermore, for accurate device design

the figure, no sample experienced significant carrie d ontimization. th @td denci f minorit
freezeout. Little freezeout is expected for degenerately si@hd optimization, the corregtdependencies of minority mo-
ilities, as well as the correct doping dependence, which are

and Be-doped GaAs since the Si-dopant energy level is only. . ) : :
5.8 meV below the conduction band and Be is 28 meV abov iscussed here, must be incorporated in device modeling

. . . Is.
the valence band and impurity band overlap is expected af®
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