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In situ reflectance-difference spectroscopy of GaAs grown at low temperatures
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We present the results of situ reflectance-difference spectroscq®DS) investigations of GaAs grown by
molecular beam epitaxy at low substrate temperat(r&sGaAs). The linear electro-opti€LEO) features in
the vicinity of theE, andE;+ A, optical transitions are found to depend on growth temperatyrend V1|
flux ratio. The observed LEO amplitude was found to decrease linearly with the measured neutral As antisite
point defect concentratiopAs2,] for growth temperatures 200 %CT¢<<300 °C. This behavior relies on the
influence of As antisite defects on the optical response of GaAs. The nonstoichiometry of LT-GaAs can be
estimated in real time through the LEO amplitude[Asga] relation. This makes RDS very attractive not only
for in situ growth control but also for real-time tuning of the electronic properties of LT-GaAs.
[S0163-182699)51432-X

The growth of 11I-V semiconductors by molecular beam LEO resonance with respect to growth temperaflijeand
epitaxy (MBE) at low substrate temperatures has become/:lll flux ratio. Our results show that the strength of the
very attractive due to the exceptional material properties obLEO resonance in the RD spectra does not depend only on
tained, which lead to a wide range of electronic and optothe magnitude of the NSEF, as previously assuffietibut
electronic applications? The most important of this class of has a more complex behavior as a function ofAsoncen-
materials is low temperature grown GaMsT-GaAs), i.e.,  tration. Moreover, the present study reveals the important
grown at a substrate temperature between 200 °C and 350 °@otential of RDS as a rea situ method, not only to control
The normally used growth temperatures in MBE of GaAs liethe growth of LT-GaAs, but also to tailor its electronic prop-
around 600 °C. LT-GaAs is highly nonstoichiometric, con- erties during growth.
taining up to 1 at. % of excess As, which is incorporated The samples used in this study were grown by MBE on
during growth mainly in the form of As antisite point defects semi-insulating(001) GaAs substrates &I, ranging from
(Asg,) .2 The high concentration of excess As results in the200°C to 450 °C, AgGa beam equivalent pressuiBEP)
formation of a broad band of deep donor trap states close teatios between 9 and 50, and a growth rate of @.&/h.
the midgaf which is associated with the donor states ofPrior to LT-GaAs, a 100 nm undoped buffer layer was grown
Asg,. Among other interesting properties related to the highat 580 °C. The growth temperature was measured with a
concentration of deep donor traps, LT-GaAs displays ultrathermocouple at the back side of the substrate. In order to
short carrier trapping times and high absorption coefficientsalibrate the thermocouple reading in the temperature range
in the near infrared. Optical investigations of LT-GaAs focusused here, the melting points of In and Sn were used. Fur-
mainly on short pulse nonlinear dynamics, in view of appli-thermore, the same holder and a constant substrate size were
cations in fast optoelectronics. Therefore, the influence ofised throughout the study to ensure reproducibility of the
excess As on the static optical properties has not been inveggsults.
tigated in detail. In situ RD spectra were recorded using a commercial

In situ reflectance-difference spectroscoplRDS) has  spectrometer based on the standard design introduced by
been successfully employed in MBE of I1-V semiconductorsAspneset al.* RDS measures the relative difference
for monitoring surface reconstruction and coverags, well
as determining carrier concentratich$he second case ap- AR/R=(Ry110)~ Ri110)/(R1101+ Ri10) (1)
plies to doped llI-V samples witf001) surfaces, where the o o
optical anisotropy is induced by the near surface electric fieldetween the normal incidence reflectivitiB o), Rj11o) Of
(NSEB via the linear electro-optid_EOQ) effect. As a result, light polarized along th¢110] and[ 110] principal axes of a
a broad resonance is observed in the RD spectra in the viinc-blende-type semiconductor wit{@01) surface, respec-
cinity of the E; and E;+ A optical transitions. Recently, tively. Optical access to the sample in the MBE chamber was
LEO features were found also &x situRD spectra of LT- provided through a strain free window, in order to reduce
GaAs with a(001) surfacé®® By comparing the LEO reso- background signals.
nance lineshape with that corresponding to doped samples, Typicalin situ RD spectra of LT-GaAs are shown in Fig.
the NSEF of LT-GaAs was concluded to bermfype (up- 1. The spectra presented here were recorddd af 300 °C
ward band bending The NSEF in LT-GaAs originates from and a BEP ratio of 15. The positions of tkg andE;+A;
depleted deep donors due to the band bending close to tfeansitions at this temperatdfeare denoted by arrows. Spec-
surface. trum (a) was recorded during growth, while spectrdo) was

In order to investigate the correlation between the NSERecorded at a growth interruption. The peak and dip in both
appearing in LT-GaAs and the presence of As antisites, weurves(a) and (b), appearing close to thE; and E;+ A
have studied by means df situ RDS the behavior of the energies, respectively, are due to the LEO effeExcept
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2.0 2.5 3.0 3.5 4.0 FIG. 2. Linear electro-optic amplitud®,, of LT-GaAs samples
photon energy (eV) as a function of growth temperature. Measurements were carried

out at 250 °C during growth interruptions. The dashed curve is only
FIG. 1. Typicalin situ reflectance-difference spectra of GaAs in a guide to the eye.
the vicinity of theE; andE;+ A, transitions, at a growth tempera-

ture of 300 °C(a) during growth,(b) at a growth interruption. _ .
@ 99 (b) g P ture of 310 °C. The variation of the peak-to-valley amplitude

from the LEO component, the RD signal contains also a paref the LEO resonance witfi is related to the incorporation
owing to structural anisotropy of the surface, which variesof excess As during growth, which depends also strongly on
between curve$a) and (b) due to the different As surface growth temperature.
coverage conditions prevailing in the two cases. The LEO To further exploit then situ monitoring capability of the
contribution, though, has almost the same magnitud@)in method, we investigate the dependenceAgf on the V:llI
and (b). flux ratio for various growth temperatures, since it is known
We define the peak-to-valley amplitude,, of the LEO  that this also affects the incorporation of excess As. For the
resonance as the difference between the RD signal at thesults shown in Fig. 3A,, was again measured at a sub-
peak and dip, respectively, after subtraction of the surfacstrate temperature of 250 °C. At=240°C, A, decreases
contribution background, denoted for curtg by the dashed with increasing V:lII flux ratio, saturating at a constant value
line in Fig. 1. Measurements of the RD spectrum as a funcef 1.8x 10 . Similarly, at 270°C,A,, also decreases but
tion of layer thickness show that the LEO resonance appeamsith a weaker tendency, while at 300 °C it remains constant.
as soon as the first GaAs monolayers have been grown at low In order to correlate the observed dependenc&gfwith
substrate temperaturé,,, subsequently increases, acquiresnonstoichiometry, an independent measurement of the As
its final value when the LT-GaAs layer thickness has reachedntisite concentration is needed. ThecApoint defect in
20 nm and remains constant thereafter. This thickness isT-GaAs is associated with its infrared absorption proper-
comparable to the light penetration depth in GaAs at a photies, where an EL2-like absorption spectrum is obseVexs,
ton energy of 3.0 eV. RDS measurements on samples ravell as with its lattice expansion, due to the longer As-As
moved from the ultra-high vacuum chamber, to examine pos-
sible differences betweeax situ and in situ RD spectra,

reveal that the strength of the LEO features remains constant. 0.8f LT - GaAs |

Differences observed in the background signal are probably A

due to the influence of surface oxidation. o 0.} Ap T TTTTTT AT TAT T
It is important to note here that a similar observation of ‘e T,=300°C

the LEO resonance during growth or at an interruption is not =, oQ

possible when working at “normal” GaAs growth tempera- s 0.4 5 ©-a 270°C 1

tures (500-600 °C), because the LEO effect is strongly re- <°' a TTp---0

duced at high temperatur®4:rom this point of view, RDS 0.2l .

appears very attractive for low substrate temperature MBE - o~ 4---0

growth, where it can be used for situ characterization not 240°C

only via surface structure, but more directly by probing non- 0.0} ) ) ) ) 1

stoichiometry through the induced NSEF. We will return to 0 10 20 30 40 50

this point later. (As,:Ga) BEP

Figure 2 shows the dependence Af, on the growth
temperature of LT-GaAs layers. The corresponding RD spec- G, 3. Dependence of peak-to-valley linear electro-optic am-
tra were measured immediately after growth, at a substrat@itude A, on As;:Ga beam equivalent pressufBEP) ratio for
temperature of 250 °C, in order to rule out the weak depencaAs layers grown at different temperatures. Measurements were
dence ofA,, on temperature as well as the temperature shiftarried out at 250 °C during growth interruptions. The vertical line
of the E; andE;+ A, transitions. As can be seen in Fig. 2, divides the As-rich from the As-limited growth regimes and the
Apy exhibits a broad maximum around the growth temperadashed curves are only guides to the eye.
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10f 8l ]2.0 deep donors in the region close to the surface. Rgj
e~ - =Ngq, & smaller field is expected due to a lower value of the
‘e a.‘\ﬁ 2 9_: ol 1.6 T surface potential. The dependence Fofon concentration,
o0 . T o nevertheless, will remain roughly the same as in the case of
= S ‘% o5 12 16 | > shallow dopants.
T m oy (4a/a) (107) |~ The concentration of Ag,in LT-GaAs, and consequently
& —a N R the magnitude of the NSEF, increases monotonously with
n | . 0.4 °;,, decreasing growth temperatufeThis would explain the ob-
s . =~ served increase ok, for 310 °C<Ty<400 °C(Fig. 2), in
o} ) ) A (X agreement with relatiof®). As T continues to decrease one
0.0 0.2 0.4 0.6 0.8 would expect a further increase Af, , due to a higher A,
Apv (1 0'3) concentration and thus a higher valueFofHowever A, is

seen to decrease fdi;<<300 °C. Furthermore, Fig. 4 repre-
FIG. 4. Correlation between neutral antisite concentrationsents the direct correlation betweéy, and[Asy.], where
[Asg,, lattice expansionXa/a), , and linear electro-optic ampli- an almost linear decrease Af,, with increasing[As,)] is
tudeA,, , in GaAs layers grown at temperatures between 200°Cgeen, According to relatiof®), this would mean that either
and 300 °C. The inset show#isg,] as a function of 4a/a), . the magnitude of the NSEF or the LEO coefficigptare
decreasing in this concentration region. As for the NSEF, a

. decrease in its magnitude could be expectgd)ithe intrin-
and double crystal X-ray diffractometPCXRD) measure- . 'cormi jevel of LT-GaAs moves towards midgap (b)
ments on our samples, to determine the neutral As antisit

concentranor{Asga] and the lattice expansion, respectively. fhe condltl_on of midgap surface Fermi level pinning is no

i longer valid. Both of these effects would lead to a lower

All samples grown at temperatures below 300 °C showed : .

. 4 ) surface potential. However, recent experim and

lattice expansion, as confirmed by the two peaks observed I(E,]alculationét8 have shown that for not annealed LT-GaAs the
DXRD rocking curves at th€004) reflection. The mismatch

in growth direction a/a), was derived from the peak intrinsic Fermi level lies above midgap and that midgap sur-

separation. NIRA measurements were performed at 77 K offi¢€ Fermi level pinning is an adequate assumption. On the
samples grown afl ;<260 °C, and[Asga] concentrations other hand, it is well known that heavy doping has a consid-

were determined using the known photoionization CrOSSerable effect on the_optical properties of semiconductors. It
sectiond® of As,. [As?;a] was found to vary linearly with was observed experimentdifithat the broadening parameter

: _ I' of the optical transitions aE; and E;+ A4 is larger in
(Aa/a),, according to [As]=(5.0+0.3)X(Aa/a) _ 1er-e 2l "
X 1072 t:m‘3, in agreement Witheagrevious resuff‘sFigureL4 heavilyn- andp-doped Gas, leading to "washed out” fea-
shows the correlation betwe@Asga], (Aala), , andA,, in tur_es in the optical spe_ctra. The high concentration aof As
the growth temperature range between 200°C and 300 ° dPoint defects present in LT-GaAs are expected to have a

The dependence c[fAs%a] on (Aa/a), is depicted in the similar effect on the optical transitions, causing the decrease

inset. As seen in the figure, the LEO amplitude decreasegf the LEO coefficienQ, and hence the observed weakening

almost linearly with[AsOGa] and, consequentlyAa/a), . At of the LEO feature whelTg decreases below 300 °C. Thus,

growth temperatures higher than 300 °C the concentration otpe LEO features observed in the RD spectra of LT-GaAs do
As antisites is too low €107 cm~3) to be detected by not only depend on the strength of the NSEF, but also on the

NIRA or to cause a measurable lattice mismatch. modification of the optical properties of GaAs by thegAs

For a discussion of the behavior #§,, as a function of point defects. More experimental and theoretical work is
[Asga] andT, we have to consider the influence of the NSEgheeded in order to describe quantitatively the behavior of the
of LT-GaAs on the RD spectra. For IlIl-V semiconductors LEO €ffect in LT-GaAs for the whole growth temperature
with (001) surface in the presence of an electric fi@ldn ~ fange. . _ .
[001] direction, RDS measures the dielectric function change As far as the behavior of the LEO amplitude as a function
due to the linear electro-optic effett.The peak-to-valley Of BEP ratio is concerne(Fig. 3), the decrease @, for T

LEO amplitudeA,,, will also depend linearly ofF and can of 240 °C and 270 °C means that the density of incorporated
be written as Asg,increases with the BEP ratio. The observed dependence

is in agreement with previously reported resafté: At T,
2) =300 °C we do not observe any dependencégfon BEP

ratio. The high value ofA,, indicates that the density of
where Q is a material dependent coefficient. Equati@ incorporated excess As is low in this cagég. 4), therefore
applies also to the NSEF. In this case, however, due to tha vanishing BEP ratio dependence can be expected.
spatial variation of the fieldF has to be substituted with a As already pointed out, the present results are also very
properly averaged value, taking also into account the finitemportant from the viewpoint of applying RDS as a tool to
penetration depth of light. The magnitude of the NSEF ischaracterize LT-GaAs layers and tuning their electronic
determined by the density of dopant atoms and the surfageropertiesin situ. Such a method to examine the specific
potential V. For a concentratioMN.y of shallow donor¥  properties of this material was lacking up to now. For this
FoNggVe. In LT-GaAs, where a high concentratibtyy of ~ purpose, the linear relation betwe[efns%a] andA,, shown in
deep donors is present, the NSEF originates from depletefig. 4 can be utilized, in order to determiiresitu the anti-

bond!* We have performed near infrared absorptibitiRA)

A =QXF,
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site defect concentration. The estimated accuracy of tthhenT <310°C is ascribed to the influence of A®n the
method is+20%. As the LEO features can be observed| EQ coefficient of GaAs. NIRA was used to independently
during growth as well as at growth interruptiofsee Fig. 1, getermine the concentratidiAs,] of neutral As antisites

measurements of RD spectra yield information about th%nd a linear correlation was observed betw@AB%a] and

level of nonstoichiometry in LT-GaAs in real time. This is
important for the reproducible growth of the material W|th v for growth temperatures between 200°C and 300 °C.

well defined properties as well as for its utilization in single The present results also show that RDS can be utilized for
or multilayer semiconductor structures. It should be noteoltheln situ determination of the concentration of As antisites
however, that the linear correlation betwe{ems JandA,, n LT-GaAs, allowing the first real-time estimate of nonsto-
is restricted toT 4 in the range between 200 °C and 300 °C. |ch|or_n_etry It hence provides a means to control the grov_vth
In summary, we presented the results ofiarsitu RDS conditions during MBE at low substrate temperatures, which
investigation of GaAs grown by MBE at low substrate tem—haS not been possible before.
peratures between 200°C and 400°C. The peak-to-valley
amplitudeA,, of the LEO resonance as a function of growth  We are grateful to K. Hagenstein and A. Riedel for
temperatureTy exhibits a broad maximum at 310 °C. For sample preparation. Part of this work was supported by the
T¢>310°C the reduction ofA,, is attributed to the de- German Ministry of Research and DevelopméMBF) un-
creased As antisite concentration, while the decreagg,pf der Contract No. 13N7088/0.
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