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Transport properties of Be- and Si-doped AISb
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Thick epitaxial layers of AlS{Si) and AISKBe) were grown by molecular beam epitaxy and
characterized by variable-temperature Hall/van der Pauw measurements. Si is shown to be
predominantly an acceptor in AISb, with an energy levet33meV above the top of the valence
band. Be is also an acceptor, with an energy levet 88neV above the top of the valence band. Be

is a robust doping source fqu-AlSb for carrier densities ranging from ¥0to 10'° cm 2.
Background impurity levels in AISb can be assessed by measuring the transport properties of lightly
doped AlSIiBe) layers. © 2000 American Institute of Physids$0021-89780)00811-3

I. INTRODUCTION were also measured as a function of temperai20e-300 K
at a field of 3000 G. Relevant parameters needed to calculate
urface and interface band bending are not well known for

6.136 A. It is nearly lattice matched to GaSb, InAs, and fISb' Henge, V\_’f |?noreﬂ(]1|e;ilet|on e]j[fects in-our ca!{culat:jons
related alloys. Heterostructures composed of AISb, GaSb? carrier density from the transport measureéments and as-

and InAs are of interest for several electro-optic and elecSUme a Hall factor of unity. As a result, the carrier densities

tronic device applications. For example, AlSb can serve as E‘eported here could be in error by as much as a factor of two.
barrier material to confine electrons in InAs-channel high

electron mobility transistotsor magnetoelectronic hybrid lIl. RESULTS AND DISCUSSION

Hall effect deviceg.AlSb layers also can function as tunnel-

ing barriers in resonant tunneling diodemd as barriers in In Fig. 1, we plot carrier concentration versus Si cell
“W” infrared lasers with InAs/InGaSb/InAs active regiofis. temperature for five Si-doped AISb films. All samples were
A few studies of the opticaf and structurdl properties of ~ p-type. Samples A, B, and C were grown during the same
epitaxial AISb have been reported. Te has been investigategrowth cycle under nominally identical conditions. Room-
as ann-type dopant in AISH.Be has been used aspaype temperature mobilities are indicated next to each data point.
dopant in AISb for InAs-channel high electron mobility As expected, carrier concentration increases and mobility de-
transistord and InAs/AISb superlatticé®.In this article, we ~ creases as the Si cell temperat(itax) increases. For com-
investigate the transport properties of Be- and Si-dopedbarison, we include a dashed line that represents our mea-
AISb. We determine the acceptor energy levels and demorsurements of Si-doped-GaAs grown in the same MBE

AISb is an indirect-gap semiconductor with a room-
temperature band gap of 1.69 eV and a lattice constant

strate that Be is a robust doping source for AlSb. system. The AISb data points all lie more than a factor of
two below the GaA&Si) line. It is well known that Si, a
Il. EXPERIMENTAL PROCEDURE group IV element, is an amphoteric dopant in IlI-V com-

_ pounds. The data in Fig. 1 are consistent with more self-

_Samples were grown by solid-source molecular beam,nnensation in AISb compared to GaAs. For exam(als;
epitaxy (MBE) in a system with conventional In, Ga, Al, Sb, ¢ ;ming all impurities are ionizédf 90% of the Si atoms are
Si, and Be fells as well as an Sb cracking cell and a valved, 3 sites and 10% on As sites in GaAs, and 30% are on Al
As_; crackerl. Growth tempgratyres were measured by transgjias with 70% on Sb sites in AlISh, then the GaAs will be
mission the.rmometr§72. Epitaxial layers were grown on i nhe the AISh will bep-type, and the net carrier concen-
s_eml-lnsulatlngSI) GaAgq001) substrat_es. Each sample con- tration, [Nx— Np|, will be a factor of two higher for GaAs.
sists of at least f«m of AlSb, doped with Si or Be, and a 50 Variable-temperature transport data for sample B are
A(_SaSb cap to prevent oxidation of the AISb. The Sb:Al flux spawn in Fig. 2. Carrier concentration decreases by over
ratio was approximately 2:1 for all samples exceptom@ three orders of magnitude as temperature decreases from 300
Sec. ll). Most samples were: grown near 530°C; twoy 30 K, consistent with carrier freeze-out. The solid line is
samples were grown at 600 °C. Unless otherwise noted, they . jated assuming an acceptor concentrathon, of 6.5
growth rate was 1.0 monolayer¢/s1 um/h). The As valve v 106/cn@ with an energy level 33 4 meV above the top of
was closed during AlSh growth to minimize As incorpora- ihe valence band. and a background donor leNgj, of

tion. , 1.5x 10%cm?®. The increase in carrier density far<30 K
All samples were cleaved into>®% mm squares and i 4icates impurity band conduction.

measured by the conventional Hall/'van der Pauw method at 1, additional samples are indicated in Fig. 1. Sample
room temperature and a field of 2060 G. Selected sampleg |\ a5 grown in the same growth cycle as A—C. The only
difference is that the hot zone of the As cracker was main-
dElectronic mail: brian.bennett@nrl.navy.mil tained at 875 °C during the AlSb growth for D, compared to
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— tried an additional test based upon the early work of Chang

7/

F AISb(Si) I 3 et all* They achievedp-type AISb (13°-10"cm®) under

! Gahs(si__ 7 5 ; ] normal growth conditions using Ge as a dopant. Under con-
. Mypo=187 cmM/V-s ] ditions of very high Sb flux, however, Ge was artype

8 5 dopant. We grew an AISb sample with an Sb:Al flux ratio of

L’ 270 ] 20:1 and a Si temperature of 888 °(Che growth rate was

L’ ] 0.2 ML/s; the equivalent 1.0 ML/s Si temperature on Fig. 1

L 2293 1 is 920 °C) The sample was resistive.

3 2 E E qugn as a whole, our AI$B|) transport results suggest

E 7 1 %0 : that Si is not a robust doping source fotAlSb. The most
likely reason is the amphoteric nature of Si, with site selec-
tion a sensitive function of growth conditions.

Be, a group Il element, can substitute for group Il ele-
ments and act as an acceptor in arsenides and antimonides.
We grew a series of Be-doped AlISb layers; all wpsype.

FIG. 1. Net carrier concentration as a function of Si cell temperature forlN Fig. 3, we plot the net carrier concentration as a function
AISb(Si) films. Experimental results for Ga£Si) are indicated by a dashed of Be cell temperature. For comparison, we include two data
line. points for GaA¢Be) grown in the same MBE system. The
net carrier concentrations are similar for A(Bk) and
GaAgBe), as expected for a nonamphoteric dopant with a
400 °C for A—C?* The carrier concentration and mobility of ynity sticking coefficient. Room-temperature mobilities are
D are lower than C, consistent with incorporation of addi-jndicated next to each data point, and range from 63/¢m
tional compensating impurities in D. Sample E was grownggy (No—Np)=1x10"%cnm?® to over 300cf/Vs for
under the same nominal conditions as A—C but in a |ate§amples in the 16— 10'%cm?® range. The solid curve is a fit
growth cycle, i.e., after a vent of the MBE and recharging ofig the data using the functional form &7, yielding an
the Al and Sb cells. The carrier concentration and mobility ingctivation energyE,, of 3.21 eV for the Be cell.
E suggest that the background impurity levels were higher in Antimony sources were compared by growing two lay-
the later growth cycle. ers with Tge=590 °C. For one, the antimony source was a
Four AISHSi) samples are not included in Fig. 1 becauseconyentional cell, yielding Sp For the other, an antimony

they were too resistive for valid transport measurementSgracker was employed. The cracker zone temperature was
sheet resistances were more than three orders of magnituggg oc probably resulting in a combination of ,Snd

higher than sample D. One of the samples was grown witlgy, 15 A shown in Fig. 3, the layers have identical carrier
T5=820°C. The high resistivity could result from a fully oncentrations and room-temperature mobilities. We also
depleted Ia_yer, poss_|bly with donor background 'mpu”t'escompared growth temperatures of 530 and 600 °C Wish

compensating the Si. Two of the samples, however, were.g57g°c. The mobility and net carrier concentration were

grown with T5;=910°C; one of the two was grown during pigher for the 600 °C sample, suggesting less incorporation
the same cycle as A-D. A possible explanation is that unings yonor impurities.

tentional variation in growth conditions resulted in nearly Variable-temperature transport data for an AE

equal Si occupancy of Al and Sb sites for these samples. Wgampje are shown in Fig. 4. Carrier concentration decreases

by nearly six orders of magnitude as temperature decreases
from 300 to 25 K, consistent with carrier freeze-out. The
L solid line is calculated assuming an acceptor concentration,
AISb(Si) ; N, of 1.3x10'%cm® with an energy level 384 meV
1 above the top of the valence band, and a background donor
level, Np, of 1x10"cm?. The carrier density is relatively
insensitive to temperature for 20 KT<25 K, indicating
the onset of impurity band conduction.

Several articles have explored the role of impurities and
® ] native defects in AISbh, especially relating to the “doping”

1 o ] of InAs/AISb quantum well$:'*~2°For example, Chadi cal-
10" ° E culates a donor level 440 meV above the valence-band maxi-
] . mum (VBM) of AISb for the Sb-on-Al antisite (S§).1°
1 1 Shenet al. proposed that A}, could behave as a deep accep-

10" S L S tor or deep donor when there are empty states below thg Al
0 10 20 30 40 50 7 ;
energy level’ Based upon a photoluminescence study of
1000/T (K InAs/AISb quantum wells, Fuchst al. postulate an acceptor
FIG. 2. Net carrier concentration as a function of temperature for sample Bl,eveI 80 meV above the AISb VBM as \{VG" as a deep level
4-um-thick AISHSI) on SI-GaAs. Solid line is calculated usin=6.5 420 meV above the AISb VBM.Our previous work on per-
X 10%%cm?®, E,=33 meV, andNp=1.5x 10"%cnr. sistent photoconductivity in InAs/AISb quantum wells sug-
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FIG. 3. Net carrier concentration as a function of Be cell temperature for(BEHilms. Two experimental points for Ga#Si) are included for comparison.
Growth temperature was near 530 °C except for two samples at 600 °C. The data dgigt &70 °C represents two samples, one using 81 the other
using Sh/Shy, with identical carrier concentration and mobility. Solid curve is a fit to%&" with E, 5.=3.21 eV. Dotted curves simulate different levels
of background donors\, .

gested the presence of4x 10'%cm® deep donors in AlSb, donors, the holes from Be atoms would first have to compen-

with an energy 410 meV above the AISb VB¥IThe pres-

sate the donors before yieldimgtype material.

ence of deep acceptors should not affect the doping of AISb  To put an upper limit on the concentration of deep do-
by a shallow acceptor such as Be. If, however, there are ded}®rs, we subtracted constant values of*1a0", 10', and

Carrier Density (cm?)

FIG. 4. Net carrier concentration as a function of temperature for a sample
with 3-um-thick AISb(Be) on SI-GaAs. Solid line is calculated usim
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=1.3x10"%cn?, E,=38 meV, andNp=1x 10"%cnr.

10Y” cm™2 from the ce ¥ fit (solid curve in Fig. 3. The
results are shown as dotted lines. It is clear that donor con-
centrations of 18#-10" cm™2 are not consistent with our
data. The experimental points can, however, be fit reasonably
well by background deep donors in the 4010 cm™3
range. This is consistent with our fit to the variable-
temperature datéFig. 4) with Np=1Xx10"cn?. In addi-
tion, the good agreement between the G&&s and
AlSh(Be) doping levels argues against a high deep-donor
background in AlSh. Other groups have also estimated back-
ground donor concentrations in AlSb. Ideshita and Furukawa
measured carrier concentrations in InAs/AISb single quan-
tum wells and inferred values of the donor concentration in
AlSb of 1.5<10' and 5x10'cm®, depending upon the
oxygen content of the source $bUsing similar test struc-
tures, Nguyenet al. found values of %10 and 1.0

X 10'%cm? during different MBE growth cycle$:

The samples represented in Fig. 3 were all grown in the
same growth cycle. We grew several additional samples with
Tge.=620°C in other growth cycles. The net carrier concen-
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