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Reflectance-difference spectroscopy study of the Fermi-level position
of low-temperature-grown GaAs
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The results of a reflectance-difference spectroscopy study of GaAs growhOOn GaAs substrates by
low-temperature molecular-beam epitallyT-GaAs) are presented. In-plane optical anisotropy resonances
which come from the linear electro-optic effect produced by the surface electric field are observed. The RDS
line shape of the resonances clearly shows that the depletion region of LT-GaAs is indeed extremely narrow
(<200 A). The surface potential is obtained from the RDS resonance amplitude without the knowledge of
space-charge density. The change of the surface potential with post-growth annealing temperatures reflects a
complicated movement of the Fermi level in LT-GaAs. The Fermi level still moves for samples annealed at
above 600 °C, instead of being pinned to the As precipitates. This behavior can be explained by the dynamic
properties of defects in the annealing proc¢S€163-18207)51712-1

GaAs grown by low-temperature molecular-beam epitaxyface electric field®=*2 In this paper we present our RDS
(LT-GaA9 has recently attracted much interest due to itsstudy of a series of LT-GaAs samples annealed at different
unique properties and potential electronic and optoelectronitemperatures from 300 to 850 °C. Similar resonances are ob-
applications:™ This material is crystalline, with a high con- served for these samples at the same GaAs critical energies.
tent of excess arsenfayhich agglomerates into small metal- The line shape of the resonances evidently show that the sign
lic clusters after post-growth annealif§ With the forma-  of the surface potential is the same as that-tfpe conven-
tion of arsenic precipitates the electrical and opticaltional GaAs, and the surface space-charge region is indeed
properties of LT-GaAs change significantly’ For example, very narrow (<200 A). This enables us to determine the
annealing at temperatures above 600 °C usually results imalue of the surface potential without a knowledge of the
LT-GaAs with extremely high resistivity. However, the actual space-charge density, and the effects of post-growth
mechanism of such high resistivity is still in debate. Someannealing on the Fermi level in LT-GaAs.
believe that it was the result of depletion of carriers by the The LT-GaAs samples used in this study were grown by a
Schottky barrier at the surface of the metallic As Riber-32p molecular-beam-epitaxyIBE) system at 250 °C
precipitates,® while others suggested a compensation modelising a Ga-to-As beam flux ratio of 10 under arsenic-stable
of defects similar to the conventional semi-insulati¢®)  growth condition. A 1000-A GaAs buffer layer was grown
GaAs? The change of carrier and defect densities inevitablyfirst on (001) liquid-encapsulated Czochralski SI-GaAs sub-
changes the Fermi level, and the determination of which istrates at 580 °C. The substrate temperature was then low-
therefore important in the study of defect-state evolution inered to 250 °C and a gm-thick LT-GaAs layer was grown
post-growth annealing. at a growth rate of Jum per hour. No dopants of any kind

PhotoreflectancéPR) is extensively used to study the sur- were intentionally introduced. After growth, the wafer was
face electric field and the related Fermi level of semiconduceut into pieces. Some of them were annealed at 300, 350,
tors. However, so far no Franz-Keldysh OscillatidfKO) 400, 450, 500, and 600 °C for 30 min in vacuum or nitrogen
produced by the electric field inside LT-GaAs was ever de-environment, while others were subjected to rapid thermal
tected except for samples annealed at above 706%We  annealingRTA) at 700, 800, and 850 °C for 10 s in arsenic
believe that this is due to the highly nonuniform electric field environment. All samples studied were of a high degree of
and the extremely narrow surface depletion region which arerystalline, as was confirmed by double-crystal x-ray-
the results of high density of defects and traps in LT-GaAdliffraction measurements. Arsenic precipitates were ob-
sampled. As a result, the Fermi level of LT-GaAs could only served in samples annealed at 600 °C by transmission elec-
be determined indirectly by PR measurements of the electritron microscopy. In addition, some doped conventional MBE
field in the adjacent normal GaAs region near a LT-GaAs/GaAs samples of different carrier densities were grown in a
GaAs interfacé. separate system for comparison.

Here we report a direct measurement of the surface po- The RDS setup was essentially the same as the one em-
tential of LT-GaAs by reflectance-difference spectroscopyployed earlieft® It was set in a configuration in which only
(RDS). Recent RDS studies of doped GaAs showed stronghe in-plane anisotropy was measured. Regular photoreflec-
anisotropy resonances at the critical poiEtsandE;+A;  tance was also measured for all the samples. However, only
due to the electro-optiLEO) effect generated by the sur- the n-type GaAs sample grown by regular MBE showed
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FIG. 1. The real part of the reflectance difference spectra of a |G, 2. The linear electro-optic part of the reflectance difference
semi-insulating GaAs, an-type GaAs, and three LT-GaAs grown spectra of am-type GaAs and the as-grown LT-GaAs sample.
on a(001) substrate and annealed at different temperatures.

FKO, which provided another way to determine the surfacdRDS between the-type GaAs and the LT-GaAs samples,
electric field. we plot only their LEO component, which are obtained by
Figure 1 shows the in-plane anisotropy spectra of a semubtracting the SI-GaAs RDS spectra from their RDS spec-
insulating (001)-oriented GaAs substrate, antype GaAs U@ Typical results are shown in Fig. 2. For titype GaAs
epilayer, and three LT-GaAs samples. The three LT-GaAsSample, the rea] part of RDS consists of a pos'mve peak at
samples are the as-grown sample, the sample annealed Ba @nd @ negative peak &, +A,, and the imaginary part
500 °C, and the sample annealed at 850 °C, respectively. THONSIStS of a positive peak between tgandE,+A, en-
principal axes of the anisotropy are along fi40] and the  €r9ies. For LT-GaAs, the real part of its RDS' is S|m|Iar to the
[110] directions. The optical anisotropy of the SI-GaAs imaginary part of the-doped GaAs, while its imaginary part
sample is typical and very similar to that found in otheriS Similar to the negative real part of-doped GaAs. The
SI-GaAs substrates with even unpolished surfaces, and u@Pparent difference between the two is a factarwhich can
doped MBE GaAs samples. It was suggested that this optic&® explained as follows. All other LT-GaAs samples show
anisotropy is due to the structure anisotropy(@®1) GaAs the same resonances but with different qmphtudes. 'I_'he reso-
surface'® even when the surface is covered by an oxideN@nce positions of the LT-GaAs are shghtly redshifted as
layer. Compared to that of the SI-GaAs substrate, the anisofompared to that of the-type GaAs. This is due to the
ropy spectra of the-type GaAs shows an additional positive 1attice expansion by As interstitials. _ _
resonance ned,=2.95 eV, and a negative resonance near 1ne LEO part of RDS measures the difference of the di-
E,+A,=3.15 eV. This is typical of then-type GaAs electric functlon. along the two perpenghcular <_j|rect|_ons in
samples reported previousiyand is resulted from the LEO the surface plain. When the electnq field varies Wlt.h the.
effect produced by the surface electric field! The struc-  depth, RDS measures an averaged difference of the dielectric
tures in the vicinity ofE; and E;+ A, for the as-grown function in thg two o_Ilrectlor;s over the light penetration
LT-GaAs samples are similar to that of tmetype GaAs |€ngth(Ae), which is given by
sample. This suggests that they are also from the LEO effect.
The amplitude of the LEO structures for the LT-GaAs
sample annealed at 500 °C is reduced as compared to that of
the as-grown one, and the LEO structures almost disappear
for the samples after 850 °C RTA. This indicates that thewhereAg(z) is the LEO-induced difference of the dielectric
surface electric field of LT-GaAs can be greatly altered byfunction proportional to the electric fielé(z), d is the
the post-growth annealing. For doped normal GaAs, the suispace-charge region depth, dnt the complex wave vector
face electric field is determined by the surface potential an@f light. BecauseAe(z) is zero outside the space-charge re-
the density of the space charges. To find the surface potegion, and the exponential term exp?ikz) approaches zero
tial, the doping density must be separately measured. Howbeyond the penetration depth, it is apparent st) de-
ever, as the following discussions will show, for LT-GaAs pends on the magnitude of the penetration depth or the depth
the surface potential can be directly determined from theof the space-charge region, whichever is smaller. For a pho-
LEO resonance amplitude without the knowledge of the neton energy of 3 eV, the penetration depth is about 170 A for
space-charge density. GaAs. For oum-type GaAs sample, the depth of the space-
In order to see clearly the difference of the LEO part ofcharge region is about 1500 A, with the density of space

0 )
<As>=—2ikf7de*2"‘ZAs(z)dz, (1)
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For higher annealing temperatures it begins to increase, and

120 frrrreerpreeyrerrees ‘ S AL reaches a maximum value of 90 mV at 450 °C, and then
§1003_ R drops down to about 30 mV for the sample annealed at
g ; 0 600 °C. RTA at 850 °C further reduces the potential to less
= sob L 3 3 ] than 10 mV. It is clear that the Fermi level is not yet pinned
g at 600 °C. These results are consistent with the earlier work
g 60f L g ] by Look et al* Furthermore, RTA at 700 °C increases the
E C surface potential at 115 meV.
> 400 4 Assuming that post-growth annealing does not affect the
E NTA i L] Fermi level at the surface, the change of the surface potential
5 20- ; RTA L. would then result from the shift of the bulk Fermi level in the
2 - | . ] forbidden gap of LT-GaAs. The nonmonotonic change of the

Fermi level with the annealing temperature indicates that
there are competing mechanisms during the annealing pro-
cess, and a simple model of Fermi-level pinning to As pre-
cipitates is not adequate. It is well known that most of the
excess As in LT-GaAs is in the form of defects such as As
?ﬁterstitials(Asi), As antisites (Ag,), Ga vacancies\gy),

%r small complexes of these defects.;Aserves as a deep
donor near the midgap,q, is believed to be a deep acceptor
at 0.28 eV above the valence bafidyhile As may not be
r@Iectrically active but expands the lattice of LT-GaAs. The
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FIG. 3. The surface potential of LT-GaAs as a function of post-
growth annealing temperatures. The closed points are for therm
annealing, while the open squares are for rapid thermal annealin

charges in the range of 10cm 2 and the surface potential
V,=0.7 eV, as separately measured from the PR spectru

and the Hall data. In this casee(2) can be approximated by  pormi jevel is usually severakT above the position of

Ag(0) in Eq. (1), which leaves Asg, depending on the ratio of the density of A4do the net
(Ae)=A€(0)=gFs, ) density of acceptors bgloyv the mid_gap. When the r_atio de-
creases, more Ag, are ionized, leaving a lower Fermi level
whereF is the surface electric field, an@lis the LEO co-  and a lower surface potential. During the annealing at 300—
efficient. 350 °C, only As is mobilel® It moves to form As precipi-
For the LT-GaAs the surface potential is about 0.1 eV tates and release the strain. The processes; fA8s;
and the space-charge density is aboif1€m=3* This pro-  +v), (As—Vg, complex —As+Ve,) and (As—Asg,
duces a narrow space-charge region with a depth on the ordgsmplex— As; + Asg,) take place to balance the decrease of
of 10 A, much smaller than the I|ght penetration depth Un'ASi . These processes will Change theeés;oncentration
der this Condition, the eXponential term in the integral of Eqshghﬂy, while increasing that oVGa, thus increasing the
(1) can be neglected. Equatidh) is then converted into an Vol ASc, ratio. As a result, the Fermi level moves away
integral of the electric field, sincAe(z) is proportional to  from the conduction band, and leaves a lower surface poten
the electric field atz based on the LEO effect. The final tjal. At temperatures of 400-450 °®¥/, becomes mobil.
result can be simplified as There are several possibilities for it. The first is thag,
L assists the diffuse of Agto form As precipitates and finally
(Az)=—2ikpBVp. ®) being absorbed by the Ga atoms expelled by the
It is clear that the different line shape of the LEO structuresprecipitates® The second possibility is thatg, collides
of the n-type GaAs and the LT-GaAs samples is simply duewith As, and forms the compleX 55— Asg, Which is prob-
to the factor—i. This will change the imaginargrea) part of ~ ably a donor of 0.17 eV below the conduction bahdhe
the RDS for then-type GaAs to the reghegative imaginafy  third is just to form vacancy clusteté These processes will
part for the LT-GaAs, as is clearly shown in Fig. 2, since theall cause th&/s, density to decrease, which causes the Fermi
wave vectork is mostly real. Moreover, Eq3) shows that level to shift back to the conduction band, and increases the
the LEO resonance of LT-GaAs is determined only by theheight of the surface potential. When the annealing tempera-
surface potentiaV/,,, and is independent of the space-chargeture is higher than 500 °C, most of Asmoves to form the
density. As precipitates, which moves the Fermi level to the midgap
The LEO coefficient8 of (1000 GaAs was obtained by again. The change of the surface potential therefore comes
comparing the surface field obtained from the PR data anfrom the increase and decrease\ef, and Asg;, at different
the RDS peak-to-peak amplitude of theype sample at the annealing temperatures. It was observed previously that the
E, and E;+ A, energies. Our results are consistent withionized Asg, would increase from %10 to
those reported in Ref. 12. Assuming that the LEO coefficienfl x 10'° cm ~3 after annealing at 350 °C, and then decreases
of the LT-GaAs is the same as normal GaAs, the effectivdo 1x10'® cm™2 after 400 °C annealinfj.Noting that the
surface electric field of the LT-GaAs samplek\g, can density of the ionized As, is approximately equal to that of
then be obtained. Finally the surface potential is calculate&/g,, this result supports our discussion above. The same
according to Eq(3). Figure 3 shows the surface potential discussions also apply to the RTA samples. The relative
versus the annealing temperature. It is clear that the surfacariation of the deep donors and acceptor usually shift the
potential depends strongly on the annealing temperature. THeermi level by severakT which is consistent with the data
surface potential decreases from 89 mV in the as-growin Fig. 3 that show a maximum shift of about 100 mV.
sample, to about 67 mV in the sample annealed at 350 °C. In summary, we have shown that RDS is an effective tool
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for the study of surface potential of LT-GaAs, and that thethat the Fermi level is not determined by pinning to As pre-
surface electric field of LT-GaAs is limited to an extremely cipitates alone. At low annealing temperatures it is deter-
narrow space-charge region. Unlike the case of doped nomined by a process of various defect formation and annihi-
mal GaAs, the amplitude of the LEO resonances of LT-GaAsation, while at high annealing temperatures the effect of
is determined by the surface potential instead of the surfaceurface states at the As precipitates may also be taken into
electric field. The change of the surface potential, and theregccount. The Fermi level is not pinned to the surface state of

fore the Fermi level, can be determined to a precision ofag precipitates which are present after annealing at 600 °C

better than 5 meV. Such precision is very difficult to achievey g above, but still moves at higher annealing temperatures.
in conventional PR measurements of the electric field at LT-

GaAs/GaAs interfaces, since the potential involved is of the This work was supported by the Research Grant Council
order of 0.5 eV. The effect of the post-growth annealing onGrant 609/95P from the Hong Kong Government, and most
the surface potential of LT-GaAs shows a complicatedof the experiments were performed in the William Mong's

movement of the Fermi level in LT-GaAs. The evolution of Semiconductor Cluster Laboratory at Hong Kong University
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