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We report low-temperature Hall-effect and photoluminescence measurements on samples of GaSb lightly
doped with carbon in the range of 8 5x 107 cm™ 3. Temperature, excitation intensity, and impurity con-
centration dependent photoluminesceffek) measurements were used to determine a shallow acceptor bind-
ing energy for carbon in GaSb of 12:4 meV. The carbon acceptor PL transition was determined to be due
to a combination of donor-acceptor pair and free-to-bound processes. Temperature-dependent Hall-effect
analysis of hole concentration and mobility were performed on nominally undoped and lightly carbon-doped
epilayers and on bulk undoped Czochralski-grown GaSb. Experimental hole concentrations of the carbon-
doped epilayers were fitted to a two acceptor model that included the deep native acceptor and shallow carbon
acceptor levels. Activation energies of 8—11 meV were determined for the lightest carbon-doped samples
through least-squares fitting of the experimental hole concentration versus temperature. Carbon-doped epilay-
ers showed significantly higher impurity band conduction at low temperatures than Czochralski-grown GaSbh
due to the shallower nature of the carbon acceptor levels. Hall mobility data confirmed the presence of impurity
band conduction below 10 K, in addition to the usual scattering mechanisms.
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[. INTRODUCTION with theory. However, these authors did not take into account
lattice induced strain between the GaAs substrate and GaSb
Carbon-doped GaAsSb has received increased interespilayer that can affect the estimation of the acceptor binding
due to its recent use as the base layer in high-speed heterenergy.
junction bipolar transistors. The small band gap of GaSb contains a doubly ionizable native defect due to Ga
antimony-based materials makes them suitable candidatesicancies {g,) paired with Ga on Sb (Gg) antisite de-
for long-wavelength emitters and detectors in the 2&B-  fects. ThisV,-Gagy, defect leads to an intrinsic hole concen-
range? Carbon is an effectivp-type dopant for certain IlI-V tration that is influenced by the growth method. Melt grown
compounds such as GaAs and AlGaAs due to its small difmaterial usually has room-temperature hole concentrations
fusion coefficient, high solubility, and the fact that high con- greater than 1 cm™3 whereas the lowest hole concentra-
centrations and abrupt doping profiles can be obtaifed. tions, obtained with molecular-beam epitax¥IBE), are
Very little information has been reported on the use of carsomewhat greater than ¥0cm™3.12 The native acceptor
bon as a dopant source for GaSh.Baldereschi and Lipari binding energies for the single and double ionizable acceptor
have used effective-mass approximation calculations fostates as determined from PL studies are in the range of
shallow acceptor states in cubic semiconductors to predict aB3—36 meV and 102—-103 meV, respectivEly* In a previ-
acceptor binding energy of 12.5 meV for GaSbhere have  ous work® we reported the use of carbon tetrachloride as a
been several reports in the literature of shallow acceptor levp-type dopant for GaSb. Doping levels from %0to
els in GaSb. Far-infrared absorption studies on Si-doped0?® cm™2 were obtained. In lightly carbon-doped samples
GaSb have reported spectroscopic acceptor binding energigsown on GaAs substrates we observed a carbon related
ranging from 13—-15 meV that seem to confirm the effectiveshallow acceptor peak by PL.
mass prediction.Jakowetzt al.investigated Si and Ge dop- In the present work, we have produced similarly carbon-
ing of GaSb grown by liquid phase epitagyPE).1° Through  doped samples grown on GaSb substrates in order to elimi-
PL studies they reported transitions-aB00 meV that they nate strain shifts and broadening in the PL features. We re-
attributed to donor-acceptor paiDAP) recombination. Ac- port detailed temperature-dependent PL analysis and the
ceptor binding energies of 9.4 meV for Si and 9.5 meV foreffect of excitation intensity and doping level, in order to
Ge were obtained. The discrepancy between the experimewtarify the physical origin of the shallow carbon related lu-
tally determined shallow acceptor binding energies of Jaminescence features, and thereby extract an estimate of the
kowetz et al. and the effective-mass value could be due tocarbon acceptor binding energy. In addition we performed
improper identification of the PL transition. Considering thedetailed temperature-dependent Hall-effect measurements on
luminescence as a band-to-acceptor or free-to-bdER) samples grown under similar conditions on GaAs substrates,
transition would increase the energy by approximately 2—3and show that the presence of shallow carbon acceptors
meV, resulting in values near the values predicted by Balbrings about large changes in the transport properties, despite
dereschi and Lipari. Hjelt and Tuomi have investigated orgahaving a lower concentration than the deep level native de-
nometallic vapor phase epitaXYpMVPE) grown GaSb on fect. The data show a two band conduction behavior in
GaAs substrates doped with hThey reported a band-to- which conduction at higher temperatures is dominated by
zinc acceptor transition of 13 meV that is in close agreemenfree holes in the valence band, while at low temperatures
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conduction is dominated by a low mobility impurity band 10" F—r——T"—T—T T T T T T
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The substrates used for the growth of the GaSb epilayers~
were GaAs(001) (AXT, semi-insulating and GaSb(001)

£

9, 16 163
(Ramet, Te doped, #®cm™3). All growths were carried out g 10 D0Sia0amib TS0 en®
in a vertical chamber Thomas Swan OMVPE reactor. Palla- 3 0%k x % b ]
dium diffused hydrogen at a flow rate of 2.3 L/min was used E

as the carrier gas. The reactor pressure for all growths was®
100 Torr. Source materials were trimethylgalliufhEGa,
partial pressure: 110 2 Torr) and triethylantimony

13
(TMSb, partial pressure: 22610 2 Torr). The dopant 10 o
source was carbon tetrachloride (GC500 ppm in hydro- Y S S Subigtrats] inaohed
gen. 0 10 20 30 40 50 60 70 80 90 100
For growth on GaAs substrates a low-temperature buffer 1000/Temp. (K')

layer of 300 A grown at 400°C was necessary before in-

creasing the temperature to 560°C for the thick epilayer FIG. 1. Temperature-dependent free-carrier concentrations for
growth. Growth on GaSb substrates was performed using thendoped and lightly carbon doped GaSh samples. Carrier concen-
same conditions as used for the GaAs substrates but with theation freezeout is shown as samples are cooled from 320 K to
removal of the low-temperature buffer layer. In both casegpproximately 10 K. The onset of impurity band conduction is in-
the optimal V/IIl ratio was found to be approximately 1.5. dicated by the increase in free-carrier concentration at lower tem-
Below this ratio Ga droplets formed and above this ratio thePeratures.

surface became polycrystalline. ) o
High-resolution x-ray diffractioftHRXRD) was used to GaSb. The amount of freezeout varies significantly between

determine epilayer thickness and growth rates. The HRXR$he undoped GaSb substrate and the lightly carbon-doped or
system consists of a Cu anode source and a Bede D3 tripkdoped GaSh epilayers. At very low temperatures, the ap-
axis diffractometer with asymmetrically cut §022) crystal ~ parent hole concentration begins to increase due to the onset
beam conditioner and analyzer crystals. of impurity band conduction caused by the banding of the 1
The van der Pauw technique was used to obtain Hall&cceptor ground staté3This impurity band conduction ef-
effect measurements of the carrier concentration and mobifect is stronger for more heavily doped samples as can be
ity of carbon-doped GaSh on GaAs substrates. An In-Zn alclearly seen in Fig. 1. In the temperature range in which
loy was used to make electrical contacts by heating th&@lence band conduction dominates, fits to the hole concen-
sample under hydrogen gas to 300°C. A Janis varitem@yation data were made assuming a compensated two-
liquid-He cryostat in conjunction with a controlled electrical @cceptor model:
heater was used for temperature-dependent Hall-effect mea-
surements between 4.2 and 320 K. A Hall factor of unity was  _ Nearbon n Nnative
assumed throughout. p ap
For PL experiments, samples were mounted strain free in 17 N_VeXFX Ecarbon/kT) 1+ N_VeXF(EnativellkT)
a liquid-He cryostat. The temperature was monitored with a
calibrated diode. A multiline, continuous-wave argon ion la- —Np, ()]
ser was used for the PL excitation, at power densities be- . . ) .
tween 0.01 Wicrh and 10 W/crA. For the temperature- WN€re Nearmon IS the total density of carbon impurities,
dependent spectra, optical excitation was kept to a minimurhnative IS the density of the native defedt is the Fermi
to reduce the heat load on the sample. Spectral analysis w&8€T9Y-EcarboniS the acceptor binding energy of carbon, and

performed using a Bomem DA8 Fourier transform interfer-Enativer IS the first acceptor binding energy of the native
ometer with a North Coast liquid-nitrogen-cooled germa-défect. The valence-band degeneracy fagt® assumed to

nium photodiode. Reflection spectra were obtained using 8 €qual to 4. The native acceptor energy determined by PL
quartz-halogen white light source and a room-temperatur/@S used as an upper constraint Bj,e; of <33 meV.
InGaAs detector together with the DAS. The Fermi energy is given by

p

—) 2

NU

IIl. RESULTS AND DISCUSSION
Er=E,—kTIn

A. Hall analysis

Temperature-dependent Hall-effect measurements wenghereE, is the energy of the valence band aNg is the
performed on samples varying in hole concentration fronthermal average density of states of the valence band. Using
P30o="5.0X 10 cm 3 to p3oe=5.8X10" cm 3. A plot of  the effective masses of the heavy and light holes,(
hole concentration as a function of reciprocal temperature iss0.4mg, m;;=0.05m;) N, is calculated to be 7.70
displayed in Fig. 1 for undoped and carbon-doped samples o 10" T32 cm™3 for GaSb. Least-squares fits to the above
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TABLE I. Final values of fitting parameters used for modeling hole concentration versus temperature and
mobility versus temperature Hall-effect data of an undoped GaSb substrate and OMVPE grown undoped and
lightly carbon-doped GaSb epilayets, ;bons Enativers Nearbon: Nnative COrrespond to the Hall determined
activation energies and concentrations of the carbon and native acceptors, respedtvisythe donor
concentrationuzg and u; are the mobilities of the valence band at 300 K and of the impurity band,

respectively.

Sample Ecarbon Enatiuel Ncarbon Nnative Np A(MBOO K) a Mi
conditions  (meV)  (meV) (cm™3) (cm™3) (cm™3)  (cmPlVs) (cn?/V's)
Substrate NA 19 NA 2.310Y 3.8x10% 632 1.00 0.01
0 sccm 11 22 1.210% 4.2x10®  <10% 759 1.27 32
0.05 sccm 8 20 1810 4.6x10% <10 707 1.20 35

expression are indicated in Fig. 1 and were obtained by varyange, beyond which an increase in apparent concentration
iNg Ecarbons Enativer» Nearbon» Nnative» @NdNp . The agree-  was observed due to impurity banding of the states. The
ment between the experimental and modeled hole concentrgapid onset of impurity band conduction prevents the deter-
tions is excellent for temperatures above the impuritymination of Ny due to the low donor concentrations in the
conduction region. epilayers in comparison to the GaSb substrate. Therefore we
We have also fit the data with a model, which includes theonly quote upper limits on the estimated donor concentra-
second ionizable state of the native acceptor, but find thaion. For the lowest doped epilayers, the deep level native
there is negligible ionization of the second level in the tem-concentration was found to be significantly higher than the
perature range studied. Table | shows a summary of the fitshallow carbon concentration. The activation energies of the
ting parameters obtained for selected samples in this study. $pecific impurities are not constant but vary depending upon
is clear that the activation energy for carrier freezeout ishe concentration of impurities. The origin of this effect is
much larger for the substrate than the OMVPE grown epildiscussed below.
ayers. An excellent fit to the substrate material is obtained by In both cases, the lightly carbon-doped GaSb epilayers
using only a single deep level acceptor energy as expectashve fitted values oN¢arpon<Npative- THiS is consistent
from the first ionization energies of the GaSb antisite defectvith the saturation of the hole concentration as a function of
and the absence of shallow carbon acceptors. In contrast ©CI, flow depicted in Fig. 3. Subtracting a constant native
the temperature-dependent Hall-effect data for the GaSb sulgefect concentration from all data points produces a linear
strate, the undoped and carbon-doped epilayers yielded go@élationship, plotted as a solid line in Fig. 3.
fits only with an additional shallow level. The two slope  The apparent increase of carrier concentration at the low-
behavior indicates the simultaneous presence of deep anrgt temperatures evident in Fig. 1 can be explained by a

shallow acceptorgsee Fig. 2 For the epilayer samples, simple two channel conduction picture. As holes freezeout
freezeout was observed to occur over a much more limited

T T A | A | T
10— 10® £ ® Hall measured free carrier concentration <
[ ' E O 293K native defect concentration 3
of 5.5X10'°cm™ subtracted
£
L
o g
= S
o &)
g 10°} g £
3 s
~ (4]
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a 0.05 secm, p,=7.5x10"°om® T
T
7 x ¥ C o o Y
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1000/Temp. (K")
FIG. 3. Hall measured free-carrier concentration as a function of
FIG. 2. Expanded view of the temperature-dependent free€Cl, flow. The carbon impurity concentration is determined by sub-
carrier concentrations for the 0.05 sccm sample showing the qualitfracting the approximate native defect concentration for OMVPE
of the fit, and the clear two slope behavior caused by the presenarown epilayers from the Hall measured free-carrier concentration.
of deep and shallow impurities. The straight line represents a linear fit to the subtracted data.
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10000 ——rr 300, @
F Mlat(T)=M|(T> , (€)
where w, is the mobility at 300 K,« is a constant that is
& 1000 F E taken to be 1.5 for spherical parabolic bands, anid the
= ] temperature. lonized impurity scattering is commonly as-
§ sumed to vary d$
2
:g 100 L O substrate, undoped - 312
= F SO D> 0scem, Paoe™ 5.9x10"°cm’® ] M (T) = A( _) y (4)
* 005 scom, p, = 7.5x10"%cm?® 300
<& 05 sccm, Pyor= 23x10"7cm®
8 1.0 scom, p, = 5.8x10"em® 1 where A is a constant and is the temperature. The two
ol © M e PE—— scattering mechanisms are summed according to Mathiesen’s
10 100 rule,
Temperature (K)
FIG. 4. Temperature-dependent mobility for undoped and lightly E _ 1 i (5)
carbon-doped GaSb samples. Theoretical fits are denoted by solid M Mat M

lines and take into consideration phonon and impurity as the domi-

nate scattering mechanisms. Divergence of the experimental daléi‘lthough this is a crude approximation, it highlights the gen-
from the theoretical fit occurs due to impurity band conduction. eral scattering mechanisms in the mobility data. Least-

on the Is states, impurity conduction eventually dominatesSauares fits using and « as variable parameters are shown
over valence-band conduction, leading to an increase in thas solid curves in Fig. 4. The agreement between experimen-
apparent carrier concentration. Since the native acceptd@l data and phonon scattering predicted by Ggifor higher
level is much deeper than the shallow carbon acceptor levelemperatures is excellent. The final parameteré\ @ind «

the amount of overlap of the ground-state orbitals of theare reported for each fit in Table I. At lower temperatures the
native acceptor is expected to be much lower. Hence thexperimental data decrease much more rapidly than pre-
freezeout for the substrate sample occurs over several ordeticted by the ionized impuritf *2 slope. The temperature of

of magnitude and impurity conduction is not evident until this divergence in the mobility data coincides almost exactly
around 16°cm 3, despite a high hole concentration of with the onset of impurity band behavior in the carrier con-
around 310 cm™2 in the substrate material. Even the centration data. Taking impurity banding into consideration
most lightly carbon-doped samples exhibit more evidence ofthe Hall mobility for the case of two carrier conduction is
impurity banding than the substrate material, despite havingiven by

a substantially lower carrier concentration at room tempera-

ture. D ,U«2+p'M'2
The similarity of the freezeout and activation data for the =" (6)
undoped and doped epitaxial samples confirms the presence Po iy T Pii

of a shallow acceptor in the undoped material, likely due to
residual carbon from free radicals produced by cracking ofvherep, andp; are the hole concentrations in the valence
the organometallics in the OMVPE process. Typically, theband and impurity band and, and w; are the mobilities of
highest quality undoped GaSb epilayers grown by our grouhe valence band and impurity band. Fits using this model on
contained unintentional carbon doping levels Mf.,,, the GaSb substrate and undoped OMVPE grown GasSb epil-
~10'% cm™3, as determined from hole concentration fits. ~ayer are shown in Fig. 5. Also plotted for comparison as

Temperature-dependent mobility results for the sampleglashed lines are fits using E&) and reported previously in
previously shown in Fig. 1 are plotted with theoretical fits in Fig. 4. The impurity band mobility; is assumed to be tem-
Fig. 4. Al OMVPE grown epilayers that are undoped or perature independent. Values of are reported in Table I. It
lightly carbon doped have higher mobilities than the sub-is expected that the overlap of the dtates of the deep level
strate material. The increased mobilities at higher temperaacceptors in the substrate is small due to the small Bohr radii
tures support the conclusion that the lower hole concentrafor these states. This is confirmed by an impurity channel
tions observed in the carbon-doped epilayers are not simplgnobility of u;~0 needed to fit the substrate experimental
due to compensation. In contrast, Johnsoml. report that data. In contrast the 1s orbitals of the carbon acceptors are
MBE grown GaSb epilayers, with the lowest residual accep#more delocalized leading to increased banding and hence a
tor concentrations, do not display the highest mobilities, as &igher impurity band mobility ofu;~30 cn?/V's. For the
result of compensation effect8. highest doped sample in Fig. 4 with a GGlow of 1 sccm

A simple mobility fit was made assuming that the mainand an estimated carrier concentration of>61®'" cm™3,
scattering mechanisms are due to ionized impurity and phathe limiting impurity band mobility is roughly 100 citV's,
non mechanisms. Nondegenerate phonon scattering in geimdicating significant impurity banding, approaching degen-
eral is of the form’ erate conduction.
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10000 prr ——————— ——— p-doped sample. It exhibits a free-excit@K) reflectance

i ] feature at 810.2 meV together with bound exciton (BE
luminescence at 795.5 meV resulting from the white light
illuminating the sample. The free exciton energy, in conjunc-
tion with its binding energy{1.4 meV (Ref. 18], yields a
band gap of 811.6 meV, which agrees very well with previ-
ously published value®~?>The BE, luminescence feature is
accepted to be the bound exciton related to the native accep-
tor caused by the double defe¢t ,-Gas,. The A line has
¥ been attributed to either DAP or FB luminescence, associated
O substrate, undoped 1 with the first neutral state of the native acceﬁ?bthe fea-

16 -3 . . . . . .
* 0.0 soom, p,,=7.5x10"cm ] ture labeledC® increases in intensity for increasing carbon
= impurity band mobility model

1000 ¢

Mobility (cm°/Vs)

100 ¢

..... conventional band mobility model doping levels and is attributed to PL involving holes bound
ol © | rerr——— — to neutral carbon acceptors. This feature was reported previ-
10 100 ously by us in samples grown on GaAs substrates, where the

features were redshifted by 2.5 meV due to residual strain.
The excitation level was kept to a minimum so that this peak
FIG. 5. Selected theoretical fits to the GaSb substrate and lightlyvould not be confused with shallow bound excitons that
carbon-doped GasSb epilayer taking into account impurity band conhave been reported in other experime]ﬁt%q'z“The Ce fea-
duction. The dashed line is the same fit as shown in Fig. 4 and onljure has two possible explanations: DAP or FB recombina-
takes into consideration phonon and impurity scattering. The solidion. In previous literature on the PL of GaSb, there has been
line assumes the dominant mechanisms at high temperatures dittle decisiveness on whether acceptor related transitions are
phonon and impurity scattering whereas at low temperatures a CoEB or DAP transitions. Because of the high concentrations of

Temperature (K)

stant low mobility impurity band channel dominates. the native defect in typical GaSb layers, acceptor-related PL
lines in GaSb are broad and lack distinctive features needed
B. Photoluminescence analysis for conclusive identification. The small donor binding energy

9equal to 2.3 meV using the hydrogenic donor modeim-
plicates the discrimination between the two transitions. Re-
ferring back to Fig. 6, th€° feature monotonically broadens
Ywith increasing carbon concentration, and the peak energy
initially blueshifts 1.5 meV with increasing doping and sub-

5.5um GaSb/GasSb (001) T=18K sequent redshifts at high carbon incorporation. In compari-

Figure 6 shows low-temperature PL spectra from GaSb
GaSb(00)) layers with varying CCJ flows. The top-most
curve is a reflectance spectrum of the unintentionall

Lt son, theA line does not experience a peak shift, and its width

Reflection X remains relatively constant. Be_cayse both. thg native and car-
) c° bon acceptor PL should have similar contributions from elec-
g trons (either from free electrons in the conduction band or
s donor bound electronsthe effect of the broadening of the
< | PL-1mwWiem? C° peak must originate in the carbon acceptor levels. The
5 A - J\— blueshift can be explained by associating @f’e_zp(_aak with a
‘@ 1.0 sccm DAP transition. As the carbon concentration is increased, the
§ \"l—"—'—/x&; ,/\M average carbon-donor distance is reduced, which results in
E - an increase of the Coulomb term for the DAP luminescence
E N J\/\w energies. By increasing the Coulomb term, the peak will shift
= - to higher energies. From the temperature-dependent Hall-
E N 0.05 scem effect measurements on samples grown on GaAs substrates
S under identical conditions, we estimate the carbon concen-

trations of the undoped sample and the 0.1-sccm sample to
3

2
j

be approximately X 10'® cm™2 and 6x 10 cm™3, respec-
0 sccm tively. The Hall-effect data indicate that the donor concentra-
tions are much lower than the acceptor concentrations, there-
m 787 797 807 fore the average pair separation is no greater than the average
Energy (meV) acceptor concentration, and can be approximated ,as
. . N ~N;, 3. The Coulomb shift is given by
FIG. 6. The top curve is reflectivity from an unintentionally A
doped GaSb layer showing the reflectivity feature of the free exci- 5
ton (X). The remaining spectra are low excitation PL of uninten- AE= e i_ i) @
tionally and intentionally C-doped GaSb OMVPE layers. Carbon dreggr\ry  Iy)’

incorporation for each sample is shown by the C@w on the
right. PL curves on the low-energy side of the break are scaled agherex is the dielectric constant of 15.7 at 300 #g, andr »
indicated. are the average pair separations at the two doping limits in
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(a) 5.5um GaSb/GaSb (001) [0 secem] 5.5pym GaSb/GaAs (001) [0.02 sccm]
. A BE
2 I '
5 BlE 4 2 60K
. [ =
2 10 Wicm? =)
< g 40K
z x5 <
e 2 25K
o 7
£ 5 2 o
8 X 100 mW/cm E 20K
N ° 3
T c N
£ X5 I 1 mW/cm? S 15K
s £
o
2 10K
X5 0.01 mW/cm?
'J 4.2K
| I | I
(b) 5.5 um GaSb/GaSb (001) [0.05 sccm] A BE, c°
BE . i i i )
0 ] 770 780 790 800 810
= Energy (meV)
=) A BE,
o ! | FIG. 8. Temperature-dependent PL of the lowest intentionally
E 2 C-doped GaSh/GaAs layer (CE10.02 sccm). The PL features
are shifted down in energy 1.3 meV with respect to the ho-
> 10 Wiem hifted down i ith he h
D x5 moepitaxial layers because of the strain induced by growing on the
S A GaAs substrate.
= c°
B x5 L 100 mW/em? doped sa_lmple, with an excitation dens_lty range of six ord_ers
N of magnitude. Apart from a change in the signal-to-noise
® ratio, the spectra in each of the two lowest excitation densi-
£ x5 1 2 ties are identical for both samples. We postulate that both of
° mW/cm th o L : o o
= ese excitation densities are in a low excitation limit, where
increasing the number of carriers does not significantly alter
x5 0.01 mW/cm?2 the average donor-acceptor separation during DAP recombi-
. nation. TheA line does not show an appreciable peak shift,

87 797 807 but in both samples, it has narrowed which indicates a DAP
origin. TheC* line has increased in intensity and shifted to
higher energy. When the excitation level is increased to 10
FIG. 7. Low-temperature T=1.8 K) PL spectra of a Gasb W/cn¥, a very intense peak emerges on the high-energy side
layer with increasing excitation densities fai) unintentionally ~ of the BE, luminescence. This is attributed to the bound
doped sample antb) moderately doped sample. Adaser excita-  exciton (BE) lines that have been previously studféd®?*
tion densities are shown on the right. PL curves on the low-energyrhe BE luminescence overlaps with t8& feature resulting
side of the break are scaled as indicated. in the inability to properly characterize the° transition.
Since theC® and A lines have similar origins, they should
Fig. 6. Assuming the range of acceptor concentrations aboviespond similarly to the experimental conditions. At the
and calculating the respective pair separations gi¥&  highest power density, the peak of tAdine has shifted by
~1.5 meV which is in agreement with the observed PL peakapproximately 1 meV. This suggests that the carrier concen-
shift. The peak of a FB transition should either remain con+ration has increased sufficiently to favor recombination of
stant with increasing dopifg or redshift at high acceptor smaller donor-acceptor separations than in the low excitation
concentrations resulting from broadening of acceptor imputimit.
rity levels into the valence band and subsequently causing Figure 8 shows the temperature-dependent PL spectra of
band-gap narrowin The redshift of theC°® peak at very the lowest intentionally carbon-doped GaSh/Ga@91)
high acceptor concentrations is attributed to band-gap natayer. Qualitatively, the spectra are very similar to the ho-
rowing. moepitaxial samples; they include tkg, A, and BE lumi-
Figure 7 shows the intensity dependence of the spectraescence peaks with comparable relative intensities. The PL
from (a) the undoped sample arid) a moderately carbon- lines are slightly broader than in the homoepitaxial samples

777

N

Energy (meV)
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and are shifted to lower energy as a result of the strain from 4
growing on a lattice mismatched substrat€he undoped
epilayer has very similar temperature-dependent data to that
of Fig. 8, indicating a similar PL peak but with somewhat
reducedC® intensity. This is in agreement with the previ-
ously presented Hall effect data which showed the presence
of a shallow acceptor. This implies that the GaSb OMVPE
layers possess residual carbon acceptor concentrations com-
parable to the concentration of native acceptors as previously
indicated by the Hall-effect data. Although the absolute car-
bon concentrations may vary in other OMVPE grown GaShb
samples, analysis of the epitaxial layers should not disregard
the contributions from unintentional shallow carbon accep-
tors.

Figure 8 shows that when the temperature is increased 6 -7 T v T v v 7
above 4.2 K, the peaks of tieandC® lines both blueshift 0 10 20 30 40 50 60
with the initial increase in temperature and redshift at higher Temperature (K)
temperatures. By interpreting th® and C° peaks as DAP A _
transitions at low temperatures, the large peak shift can be FIC: 9- A and C° peak energies for the GaSb/GaAs samples
explained through the evolution of the DAP transition into aith CCl flows of 0 and 0.02 sccm. The energies are presented
FB transition as previously discussed by Wu and CFen. relative to. the 1.8-K values. The solid line represerlts the band-gap
Because of the small donor binding energy coupled with th(—fh;r;ge with telmplmeraotlure and wcluﬁeélesrebcogectuon. The dot-
broad nature of the transitions, the difference between thee ine 1s caicu ated using the t ermal band-gap cont_ractlon, a
two transitions is not distinct. As the temperature is raisedfkBTe correction, and a 2.3-r_ne\/_ correction that Ilnearly_ Increases

. _— . - rom 0 to 27 K. The dashed line is similar to the dotted line except
the luminescence of the DAP contribution subsides while thefhat the tem t d for thécaT i lec-
. . - . . perature used for g le COIrecion uses an elec
FB portloln_ INCreases in intensity. At the higher tempgrat.uresrronic temperature 50% larger than the lattice temperature. The
the transition 'S gntlrely FB as all of the donors are I0r]'Z(Ed‘temperature-dependent band-gap change is calculated by using the
Onpe the transition from _DAP to FB is complete, band-gap 5 shni parametera= 186 andb=0.453 from Ref. 21.
shrinkage resulting from increasing the sample temperature
causes the eventual redshift in the peak positions. The BEenergy of the electrons is comparable to the donor binding
line quickly disappears at higher temperatures because exanergy. The dashed line is similar to the dotted line but the
tons cannot bind due to the large thermal kinetic energy oélectronic temperature is assumed to be 50% higher than the
the electrons and holes. The high-energy peak that appearslattice temperature. Because of the large impurity concentra-
the highest temperatures shown results from band-to-bangibn in the samples, the electrons are not expected to ther-
transitions(recombination of free electrons and holes malize to the lattice temperature. While the pure FB descrip-

To quantify the peak shift of thé and C° lines, their tion does not explain the large peak shift, the crude
peak energiegelative to 1.8-K valugsare presented in Fig. approximation of the DAP transforming into a FB transition
9. A clear break in the slope of the data suggest a transfois much closer to reproducing the temperature-dependent
mation from one physical process to another. To discern bepeak positions.
tween peaks where overlap occuis particular, between After having determined the origin of the acceptor related
BE, and C°), the spectra have been fit empirically using atransitions, approximate acceptor binding energies can be de-
linear combination of Gaussian and Lorentzian functionstermined. For DAP recombination, the Coulomb field is zero
and the desired peak was isolated to extract peak parametevghen the interacting donor and acceptor atoms are infinitely
Figure 9 also includes three lines indicating possible origindar apart. In this situation, the energy difference from the PL
to the peak shift. The solid line represents the predicted peadkminescence to the band gap is exactly the sum of the donor
position that would be expected from an ideal FB transitionand acceptor binding energies. This energy on the DAP tran-
This is calculated by adding a correction dkgT, to the  sition corresponds to the lowest emission energy of the peak.
temperature-dependent band-gap narrowing which resulfBo experimentally define this point, a linear extrapolation of
from the typical theoretical treatment of FB transitions pro-the low-energy edge of the DAP was performed to zero in-
vided by Eagle$>?” T, is the electronic temperature, but tensity. Using this fitting procedure to find transition energies
was taken to be equal to the experimental lattice temperaturfer the lowest carbon-doped GaSb homoepitaxial sample, the
(T) for this curve. The band-gap change is evaluated usinginding energy for the native and carbon acceptors can be
the Varshni equation and recent parameters by Ghezdi’®  calculated. For theC® transition, the transition energy is
Assuming that the PL line shape is composed of DAP con796.2 meV. Using the aforementioned GaSb band-gap of
tributions at low temperature and FB luminescence at higt811.4 meV and donor binding energy of 2.3 meV, the binding
temperatures, the dotted line combines the above band-gamergy of the carbon acceptor is found to be #219meV.
narrowing and FB correction with a linear increase of theThis is similar to the energy that was previously determined
peak position of 2.3 meVthe donor binding energyas the  for GaSb/GaAs, and to Baldereschi and Lipari’s effective-
temperature is increased from 0 to 27 K, where the thermainass calculation of 12.5 mé\The transition energy of the

A [0 sccm]
A [0.02 sccm]
C° [0 sccm]
€°[0.02 sccm]

Energy Change From 1.8K (meV)
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native acceptor is 773.4 meV resulting in a binding energy of IV. CONCLUSION
N o . : .
35.7x1 mev WhICh.IS. consistent with previous res . We have performed detailed temperature-dependent Hall-
The spectroscopic ionization energy of the singly charged

state of the native defect of 35:7. meV deduced from PL effect and PL measurements on a series of samples lightly

is greater than the Hall determined values of 19-22 meV fordOped W't.h carbon. '_raken tc_)gether, the Hall-effect and PL
data provide a consistent picture of the role of deep and

all samples in this study. Similarly, the observed shallow ; . i
activation energies of 8—11 meV reported for the undopec?ha"OW acceptors in undoped Gasb and lightly carbon

; doped GaSb films. A shallow carbon related PL band has
and lightly carbon-doped samples are lower than the CarboBeen identified and attributed to a combination of donor-
spectroscopic binding energy of 129 meV. This well-

known reduction in thermal binding energies is due to bandgcceptor pair and free-to-carbon acceptor luminescence. We

ing of the acceptor excited stat&sSimilar effects were also find the binding energy of carbon acceptors at low tempera-

observed in lightly carbon-doped GaX%° From the data of tures is 12.8 1 meV, which is very close to the effective-
) A ) mass value estimate. Hall-effect data show thermal ioniza-
Baldereschi and Lipari, the Bohr radius for the @cceptor

Fon energies which approach the spectroscopic value as the

géﬁgzﬂtrs;i‘(t)enss (;Lc?vzsr?)uls h?roug% iﬁ?f%;::cémfohregxfha mpurity concentration is lowered. This behavior was attrib-
ghly<l P uted to banding of the 2excited states of the acceptors. We

c@ed states should be strongly panded, and should MET9Hd that the presence of carbon, even at levels lower than the
with the valence band, resulting in the observed reduction i

the thermal ionization energy. It is reasonable to expect tha&ﬂackground native defect acceptor concentration has a dra-
gy P atic effect on the freezeout behavior. Impurity banding of

the excited states of the first ionized level of the deep antisit . .
e 1s ground states results in a sharp reduction of the mo-
defect should not be too strongly perturbed by the centrab.. . L . . .
.~ “bility below 20 K, which coincides with an increase in the

cell effect, and therefore should be close to the effective-__ = ion in the limit of | d
mass values. Therefore the same type of excited state ban arrier concentration in the fimit of low temperatures due to
ing effect is éx ected for the native acceptor. In contrast, the. - formation of an impurity band. This effect is strongest in
1sg round statg of the native acceptor is gx écted to be r,nuciﬂ-‘e more heavily carbon-doped samples and weakest in the

9 ; -Cep P ubstrate samples, which are dominated by deep level native
more localized than the effective-mass carbon acceptor, re- "

o . . ) : mpurities.
sulting in appreciably less impurity banding than for the car-
bon acceptor level, as shown by the mobility data. Some
previous reports on GaSb have used spectroscopically deter-
mined binding energies to reduce the number of fitting pa-
rameters in their Hall analysi$.The present work shows We acknowledge the support of the Natural Sciences and
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