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We have evaluated the effective surface electric fields, effective depletion widths, and th@-sige/
upward band bendingof the near-surface electric fields in undoped as welh4%x 10 cm™3) and p-(5
% 10*® cm 3 and 2x 10*° cm3) doped low-temperature growthTG) GaAs(001) using the optical method of
reflection-anisotropyRA) spectroscopy in the vicinity of the spin-orbit spht;, E;+ A, optical features.
Even for the highesp doping the surface band bending is stiltype, indicating the strong influence of the
large donor trap densities. Our results are in good agreement with a self-consistent Poisson’s calculation of the
near-surface electric fields assuming deep donot {1&° cm™3) and acceptor (X 10*° cm %) trap densities
and midgap surface Fermi-level pinning. This experiment provides valuable information about the defect
density and position in LTG:GaAs. Our results will be compared to the recent RA spectroscopy experiment and
interpretation of Chert al. [Phys. Rev. B65, R7379(1997)]. [S0163-182608)00536-0

Low-temperature growLTG) GaAs, i.e., layers grown employed to determine the sign and magnitude of near-
by molecular beam epitaxfMBE) at substrate temperatures surface electric fields in zinc-blende-type semiconductors.
between 250-300 °C, possess a number of interesting eleThe results of our experiment have enabled us to evalaate
tronic properties associated with the excess arsenic concean effective depletion width 0&20—22 A and(b) the nature
tration incorporated during growthin as-grown LTG:GaAs of the near-surface electric field, i.etype (upward band-
material, the excess arsenic results in a large concentration bending. The first result has been obtained by a comparison
point defects (X 10°° cm™3), due primarily to arsenic anti- of the experimental data with a self-consistent Poisson’s cal-
site defects. The pinning of the Fermi level near midgap inculation based on the properties of the defects and surface
this material is generally associated with the point defégts. Fermi level pinning in this material.

Also, the stability of LTG:GaAs against oxidation in air has  Sample 2 consisted of a not-intentionally dop@dD)
recently been demonstrated using scanning tunnelingTG:GaAs film grown on a semi-insulating GaA801) sub-
microscopy? strate in a Gen Il molecular beam epitaxy system. A 2000 A

LTG:GaAs has been employed in a number of importanthick buffer layer was grown at 580 °C prior to lowering the
applications: First, when LTG:GaAs is annealed at tempera-growth temperature to grow the LTG layer. A 5000-A-thick
tures between 600—900 °C the excess As in the form of ankTG layer was grown at a substrate temperature of 250 °C as
tisite defects coalesces into As precipitates, and, henceneasured by a thermocouple. At this temperature the excess
forms an elemental As phase of As clusters. These preciparsenic concentration is between 1 and 1.5%. The layers
tates behave as buried Schottky barriers. As such, they exvere grown at a rate of Zm/hr with As,. Samples 1, 3, and
hibit 0.7 eV Schottky barrier heights and act as recombina4 were grown under similar conditions, but were either
tion centers for excess carriers. This property has resulted idoped at 5< 108 cm™3 (sample 1, or p-doped at levels of
realization of state-of-the-art high speed photodetector desx 10 cm3 (sample 3, and 2< 10'° cm™3 (sample 4.
vices, with responsivities of nearly 0.1 A/W and cut-off fre-  RA spectroscopy measures the polarization anisotropy of
guencies of 40 GHz. This material has been shown to havkght linearly polarized along thg110] and[110] principal
useful nonlinear optical properties. Also, in the unannealedxes in the plane of th€001) surface of zincblende-type
state, LTG:GaAs has been used to form excellent nonalloyesemiconductors. RA spectroscopy can be employed to gain
ohmic contacts when used in tandem with a thin layer ofinformation about the sign and magnitude of near-surface
n** GaAs. electric fields in these semiconductors from the anisotropy

In order to gain more information about the nature of theproduced by the linear electro-optitEO) effect in the vi-
surface and associated electric fields in this material we havenity of the spin-orbit spli€;, E;+ A, optical features. For
performed a reflection anisotroiRA) spectroscopy °in-  example, it has been shown that for a conventional space
vestigation of undoped as well asandp-doped LTG:GaAs charge regiofSCR), i.e., linear variation of the electric field
(001. It has been demonstrated that RA spectroscopy can baith distance from the surface, the RA spectroscopy signal is
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FIG. 2. d(AR/R)/dE spectra of sample (solid ling), sample 2

FIG. 1. RA spectra of sample (solid line), sample 2(dotted (dotted ling, sample 3(dashed ling and sample 4dot-dashed
line), sample 3(dashed ling and sample 4dot-dashed linge The line). The positions of theE,;, E;+A; features are denoted by
positions of theE,, E;+ A, features are denoted by arrows at the arrows at the bottom of the figure.
bottom of the figure.

(dashed ling sample 3(dotted ling, and sample 4dot-

a direct measure of the surface electric field if the width ofdashed ling As a measure of the amplitude of the LEO
the SCR is much larger than the penetration depth of theffect we have evaluated:
light.” Reflection anisotropy spectroscopy experiments have
been used to study the surface electric fieldsirand p- |[d(AR/R)/dE| g+ [d(AR/R)/dE|gc
doped GaAs(001).>"11 ZnSe (001,21 and InGaAs/InP > : @
(001),'? as well as InSK(110 (Ref. 9 and GaAs(110.%°
Pagetet al. have used this method to investigate sulfur- The ratios of the amplitude of this signal for samples 1, 2, 3,
passivated GaA$001)."®> More recently, this method has and 4 are 1.26:1.00:0.80:0.68, respectively.
been used to investigate the properties of undoped Ina previous investigatidﬁ we have calibrated the mag-
LTG:GaAd4 15 nitude of the RA spectroscopy signal and found an effective

In addition to the LEO effect there may also be a back-surface electric fielder=220 kV/cm in the NID LTG:GaAs
ground signal due to any improper alignment of the modulaimaterial. As discussed in Ref. 14, in contrast to previous
tor and analyzer. Since it is the LEO effect that provides theexperiments on semiconductors with a conventional SCR, in
information of interest, we would like to eliminate the influ- LTG:GaAs material the RA spectroscopy does not measure

ence of the background term. We defineR/R), as: the surface electric field. The values &y for samples 1, 3,
and 4 as well as sample 2 are listed in Table I.
v/
(AR/R);=(Ri10~ R/ (R +Rig), (1@ thas been shown thiat
whereR;11g) and Ri1;¢) are the reflectivities for light polar- A_R:R (Ae) (33
ized along thd110] and[110] directions, respectively. On R \/;(6_ 1)’

the other hand the signaAR/R), is
— 9 * 2ik z
(AR/R)2=(Rr110~ Ri7i0)/(Ri110)+ Riig) . (1b) (Ae)=2ir fo e Ae(z)dz, (3b)

The RA spectrum of interestAR/R) is then obtained by whereAe(z) is the perturbation of the unperturbed dielectric
taking the difference between these two signals, A®R/R  function due to the electric field and (= «, | +ix; ) is the
=(AR/R);— (AR/R), to eliminate any background terms. unperturbed complex propagation vector of the light. For the
Plotted in Fig. 1 by the solid, dotted, dashed, and dotLEO effectAe(z)<&(z). At 3.0 eV for GaAs(Ref. 17 the
dashed curves are the RA spectra of samples 1-4, respgaropagation vectork = (6.85+i2.96)X 103, in units of
tively, in the range 2.5-3.5 eV. The positions of the(2.88
eV) andE;+A; (3.11 eV} transitions® are denoted by ar- In order to evaluateS(z) we have performed a self-
rows at the bottom of the figure. It can be seen that theonsistent Poisson’s calculatiSrassuming(a a donor trap
phases of all the samples are the same and correspond to density (Ntp) of 1X 10?° cm~2 having a Gaussian distribu-
n-type (upward band bending. tion of states with widthr(=0.2 eV), the peak of the Gauss-
In order to more accurately evaluate the amplitude of théan distribution occurring 0.45 eV below the conduction
LEO effect in the vicinity of theE;, E;+ A, features we band, (b) an acceptor trap densityNg,) of 1x10Y° cm™3
have taken the numerical derivative with respect to photorhaving a Gaussian distribution of states with width
energy of the spectrfdesignated asl(AR/R)/dE] of the (=0.2 eV), the peak of the Gaussian distribution occurring
data. These results, which exhibit three extre@aB, and 0.45 eV above the valence band, a@ midgap surface
C), are shown in Fig. 2 for sample (solid line), sample 2  Fermi level pinning: Shown in Fig. 3 by the solid, dotted,
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TABLE |. Doping levels&y (experiment and simulatigrE(0), y, and 1k for the four LTG-GaAs

samples.
geff
kvicm
Doping ( ) £(0) Ve g
Sample  (10®¥ cm™d) Experiment(a) Simulation(a) (kv/cm) Y R
1 5 (n type) 277 276 1550 17.8 22.2
2 NID 220 230 1380 16.6 20.8
3 5 (p type) 176 200 1240 16.1 20.4
4 20 (p type) 150 135 850 16.1 20.0

gn-type band bending.

dashed, and dot-dashed curves are the results of this calcu- It should be noted that our results for the simulation of the
lation for £(z) for samples 1-4, respectively. Note that evenNID sample are somewhat different from those in Ref. 14
for the twop-type samplegi.e., samples 3 and)4the band-  since in this work we have includedr, .
bending is stilln type. Also, the electric field does not vary ~ Chenet al.also have recently reported a RA spectroscopy
linearly with position from the surface, as would be the casestudy of LTG:GaAs(003), including the effects of post
for a fully depleted SCR. The values of the surface fi&ld) growth annealing® These authors conclude that the built-in
are listed in Table |. potential {/,;) for the unannealed material is about 0.1 V
We have numerically integrated E¢8b) with the com-  (relative to the conduction bahdvhereVy,= [ §(z)dz. From

puted€(z) of Fig. 3 and find that R&.e)=£(0), thevalues Eg. (4) we find for our undoped materigl,~0.28 V.How-

of v being listed in Table I. This procedure also yields the€Vel Ref. 15 erroneously states that all the donor defects are

effective surface electric fields that are given in Table I.'Nog'i%d\'/ (gulr retsr:JIt IS ((;on?stetr;t r}/gth a b?"é Fequmlf Ig\éel

These values are in good agreement with our experimental - ; elow the conduction bands reported in Ref.

results. Ia:md a_tllso dledlucgd from our simulatjomnd midgap surface
Although the dependence of the electric field on position ermi-ieves pinning.

f th f q th ol itical behavi In conclusion, we have used RA spectroscopy at 300 K to
rom the surface does not have a simple analytical benaviol, 5 ate the sign and magnitude of the near-surface electric

it is.close to an ex_ponential foritsee Fig. _:)i Thus, an ef- field in NID, n-type andp-type LTG:GaAs(001). We also
fective depletion width can be evaluated if we assume thathaye performed a self-consistent Poisson’s calculation to de-
termine&(z). In contrast to a conventional SCR, in our ma-
&(z)=¢&(0)e™ e, (4)  terial the field &(z) does not vary linearly with position.
There is good agreement between our experimental deter-
mined effective near-surface electric fields and the calcula-
tion (midgap surface Fermi level pinnihgyielding an effec-
éive depletion width<20-22 A. Even for the tw-type
amples the band-bending is stiltype, as a consequence of

where the quantity W/ can be considered as the effective
depletion width. If Egs.(3b) and (4) are used to yieldS
=y&(0), we find thevalues of 1& listed in Table I. Note
that all of these correspond to an effective depletion width o

about 20-22 A. The above simple analytical function prob-y, large number of donorlike defects. We have compared
ably gnderestlmates{eﬂ. Therefore, we conclude that the o, resyits and interpretation with the RA spectroscopy study
effective depletion width<20-22 A. of Ref. 15. Finally, since a 20-50 A layer of LTG:GaAs is
used in tandem with an™ " thin space charge layer of “nor-

10 mal” GaAs for nonalloyed ohmic contacts the design of

T ~r

—— Sample#1 this contact layer should be revisited now that there is evi-
ol e dence for midgap surface Fermi level pinning effects in
A Sample #4 LTG:GaAs.

Note added in proofWe also have recently performed
RA spectroscopy from-LTG:GaAs with an intended doping
level of 2x10%° cm ™2 (Ref. 2J). It was found that the band
bending was stilin type, although nearly flat. Agreement
between experiment and simulation was obtained by assum-
ing that only 4x10%° cm™2 of the p dopants were electri-
cally active.
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