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Layer perfection in ultrathin InAs quantum wells in GaAs (001)
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X-ray standing waveXSW), x-ray diffraction, and photoluminescen¢eL) measurements were used to
assess the layer perfection and positions of 1 and 1/2 monoldfej InAs quantum wells buried in
GaAg001). Local structure in the 1-ML films was evaluated using x-ray absorption fine stru¢t{4eS)
measurements. Growth temperature effects were studied in a series of samples produced by metal organic
vapor phase epitaxfMOVPE) between 400 and 600 °C. The XSW coherent position of the In atoms decreases
with increasing temperature in the 1-ML samples, and the optimal growth temperature is near 550 °C, as
evidenced by the coherent position of 1+18.02 and the relatively high coherent fraction of 0tA208. With
decreasing growth temperature the XSW measurements may suggest segregation of In atoms, which results in
an incorporation of the In into multiple layers. The segregation appears to be reduced at the higher tempera-
tures due to the favorable kinetic conditions created in the MOVPE environment. Low-temperature PL mea-
surements indicate that the sharpest and most intense In-excitonic emission is obtained from the 1-ML sample
grown at 530 °C. For thé-ML samples, growth temperatures of 400 and 600 °C produce similar standing
wave results, although the PL reveals the higher temperature sample to be of far superior quality, due to
excessive carbon incorporation at 400 °C. In-As bond-length distortions found in the XAFS measurements
agree with a macroscopic elastic description of the pseudomorphic epitaxy.

I. INTRODUCTION (MBE). X-ray standing wave(XSW) measurements on

Quantum wells of InAs in GaA801) constitute one of samples produced by this technique were interpreted in terms
the most highly-strained 1II-V semiconductor heterostruc-0f In segregation, from which it was postulated that the
tures. The~7% lattice mismatch results in a critical thick- “flash off” was effective in reducing the segregation effi-
ness for layer-by-layer epitaxy of only 1.5 ML, making Cciency to about 25%.
this system ideal for the study of fundamental materials !N the present paper, we use complementary short-range-
issues—® With In depositions of only fractions of a mono- order[polarization-dependent x-ray ab;orptlon fine structure
layer, sharp and intense In-excitonic photoluminescéRtg (XAFS).] anc_j long-range-order te_chmquédpuble-_crystal
emission has been obsenid! Additionally, very recent X7Tay diffraction(XRD), back-reflection XSV including el-
theoretical? and experimentaf studies have re-emphasized EMeNt SPECIfiCity XAFS, XSW) to obtain the structure of
the technological promise of InAs single quantum wells formetalorganic vapor phase epitaxfOVPE)-grown InAs
highly efficient excitonic lasing. quantum W_ells._ This permits a characterlzatlo_n of the In

For these ultrathin InAs layers buried beneath a Gaa@tomic distribution and provides a structural basis for under-
capping layer, the determination of the In local structure is a.a"ding the opticalPL) properties of the material. A series
nontrivial task. During the epitaxial growth, researchers hav@f 1-ML and 3-ML samples were prepared to allow a study

observed segregation of the In atoms during the deposition & the effect of growth temperature on the structural and

the topmost GaAs lay¥2 using a variety of surface- optical q.uality of thg.films and to pr(_)vide insight into the
analytical, optical and structural techniques. Suppression di0st suitable conditions for producing “perfect” layers,
elimination of this In/Ga exchange reaction remains one ofVich might be employed in novel optoelectronic devices.
the challenges for the successful fabrication of peréelety-
ers. Based on an earlier suggestidrBrandt et al® devel-
oped a technique for circumventing this dilemma by “flash-  Epitaxy was performed in a Thomas Swan vertical
ing off” the segregated In atoms in molecular beam epitaxyMOVPE reactor at 50 Torr. Semi-insulating vertical gradient

Il. EXPERIMENT
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freeze GaA®01) epiready substrates were used with no ad- - r T T T
ditional cleaning. Following annealing under tertiarybu-
tylarsine(TBA's) at 580 °C, a GaAs buffer layer was grown 1 ML InAs
using triethylgallium(TEGa and TBA'’s with flow rates of
8.07 umole/min and 198.mole/min, respectively. Atomic
force micrographs of buffer layers produced in this way were
very smooth and exhibited broad, well-defined atomic ter-
races approximately 0.Lm wide. Each sample was then
allowed to equilibrate at the desired growth temperaiyye
GaAs barrier layers of thickness 100 A were deposited
above and below the InAs layer that was also growiT at
using trimethylindium at 1.98 mole/min and TBA's at 198
pmole/min, yielding a growth rate of approximately 1 ML
per 3 s. For the PL samples an additional GaAs cap layer
(~1900 A) was deposited at 580 °C.

High-resolution x-ray diffraction with a Cu anodex (
=1.54 A) and a double crystal channel-cut monochromator
was used to characterize the final structures. Rocking curves
were obtained by scanning in angl@, about the Bragg
angle, 8z, whereh=2dgsin6g, in terms of the diffraction
plane spacingl;. T T s

XSW measurements were made at the National Institute -6000 -4000 -2000 0 2000 4000 6000
of Standards and Technology beamline X24A at the National A8 (arcsec)

Synchrotron Light Source, Brookhaven National Laboratory.
The monochromator consisted of a pair of220 crystals.
Standing waves were produced within the GaAs sampl

Ty =600 °C s A\ 87+4 A GaAs

Log Intensity (Arb. Units)

FIG. 1. X-ray rocking curve data obtained near the Ga8$)
symmetric substrate reflection, far6= 60— 65. The data for the

tal d dulated i h b ) ; q-mL samples with several growth temperatures are indicated by
crystals and moduiated in phase Dy scanning 1n energ?goints. Solid lines denote the results of dynamical simulations with

.tthUQh the GaAs004) sample back-reflection 'at normal the GaAs cap thicknesses indicated, as described in the text.
incidence. Fluorescence yield data were obtained using a

single-element Ge detector positioned at a right angle to the lIl. RESULTS AND ANALYSIS
incident beam. A Be detector window of thickness 5018
was used to reduce the intensity of the Ga and_Asmission
with respect to the In- fluorescence signal. Reflectivity ~ High resolution XRD data for 1-ML and-ML samples
measurements were made by recording the back-reflectef® shown in Figs. 1 and 2. The experimental curves are
photon intensity with a Ni mesh upstream from the sample.compared to simulations using the dynamical diffraction
Low-temperature photoluminescence measurements wet8€ory’’ These simulations are based on a 3-layer model
performed at 1.6 K using Ar-ion laser excitation. The spectreconsisting of the GaAs substrate, a single In-containing
were recorded with a Fourier transform interferometer. ~ 1ayer, and a GaAs cap layer. For the 1-ML samples, the
XAES measurements were made at beamline 4-2 of théhickness of the strained InAs layers used in the simulations
Stanford Synchrotron Radiation Laboratory with the storagévas 3.25 A , apredicted by the macroscopic elastic theory
ring operating at an electron energy of 3 GeV and a storeMET),*® assuming single layers of In atoms and coherency
current in the range of 100-65 mA. Data were collected withof the InAs layers with the GaAs substrate. For thé/L
a double-crystal monochromator using220) crystals, with ~samples the MET was also used, assuming single
an entrance slit width of 1 mm and no beam focusing. ThdnxGa,—xAs layers, as will be discussed. From the interfer-
collimating vertical slit width was 0.3 mm to align the beam €nce fringes it is possible to obtain an accurate measurement
footprint on the sample. liK-edge €,=27940 eV} XAFS  of the GaAs cap thickness, as indicated. However, this tech-
was measured in the glancing incidence geometty (nique is slightly less sensistive to the distribution of In atoms
:0_2°) using a SSRL grazing incidence X_ray absorptioﬂ-n the quantum well Iayer, particularly in the case of these
spectroscopy stage. This permitted polarization-dependeg@ndwich structures with very thin GaAs caps. Although the
measurements with the electric vector of the x-rays orienteffigh-resolution XRD data can, in principle, be used to deter-
parallel Ej, or perpendiculaiE, , to the substrate surface. Mine the total amount of incorporated indium, in practice the
The incident angle is slightly greater than twice the critical€Xperimental resolution is somewhat limited. From Fig. 1, it
angle (9c=0.090° atE,+200 e\) to allow the penetration IS clear that the In_ content in the nominally 1-ML sallmples is
of the incident beam to the depth of the In atoms. The inci-Very close to a single monolayer. It was pointed-aihiat
dent, 1, and reflected,, photon intensities were measured coOmplementary information may be obtained by using XSW
using Ar-filled ionization chambers. IrK,-fluorescence in addition to XRD.
emission was measured using a 13 element Ge detector, with )
two Al plates, thickness 0.75 mm, in front of the detector to B. XSW analysis
reduce the total incoming count rate contribution from the Figure 3 shows the reflectivitilower curve obtained us-
Ga and As fluorescence. ing the XSW apparatus for a bulk GaAs reference crystal

A. X-ray diffraction
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FIG. 2. X-ray rocking curve data obtained near the Gaag)  curve for a reference epiready GaAs crystal near the Gad4
symmetric substrate reflection, fard= 6— 6. The data for the Bragg back-reflection. The XSW patterns obtained by measuring
%-ML samples with several growth temperatures are indicated byhe total electron yield and the Ga and Bdluorescence yields are
points. Solid lines denote the results of dynamical simulations withshown in ascending order, with fit parameters as indicated. The
the GaAs cap thicknesses indicated, as described in the text. ~ spectra were offset for clarity.

near the(004) back-reflection condition. It is important to zccount by a Debye-Waller facter M, which decreases the
note that this epiready crystal was measured with no cleaningyeasured value " to approximately 0.9 in GaA%. For
or processing. The XSW patter(tep curves were obtained e GaAs reference crystal the expected values Rife
using the total electron yieldTEY), and the Ga and As _ 41 g angEH=e M. The measured valugtig. 3 obtained

L-fluorescence yield§-LY). The standing wave in the crys- using both types of emissiofTEY, FLY) agree with one
tal results from the superposition of the incident and back- ’

: e another and are close to the expected values et et mea-
reflected traveling wavé$ and has the periodicity of the sured values ofP"—1.00+0.01 andE"=0.81=0.01 for

crystal Igttice planes with diffra<_:tion vectéf. At the low- _ their GaAs buffer layérin good agreement with the present
energy side of the Bragg reflection the nodes of the standin sults. With our experimental setup, the takeoff angle

wave lie on the substrate planes. As the phase shifts throug iewed by the Ge detector allowed the measurement of fluo-

out the Bragg peak the wavefield moves continuously untIIrescent photons originating from deep within the crystal and

the antinodes lie on the substrate planes at the high-ener: N )
side® The TEY and FLY spectra, shown in the top curves 0f%duced the extinction problef’ﬁ.AIso, for the relatively

Fig. 3 are proportional to the absorption of the atoms in thd®V-Photon energies employed in this paper the TEY signal

field of the standing wave. From this response the spatia?hOUId approximate a bulk site close to the crystal suﬁ%\ce_,

distribution of a given type of atom may be deduced. ar_ld_so the measure_d values are due to atoms on bulk sites
The yield from the standing wave measurement iswithin the crystal. This suggests that the Debye-Waller factor

writter?® in terms of the coherent fractioR”, which mea- May be slightly smaller than 0.9 in these samples.

sures thes-like nature of the atomic distribution perpendicu- ~ Figures 4 and 5 show the XSW data for 1- ahdL

lar to the diffracting planes, and the coherent posit®fhy ~ INAs samples prepared at a series of growth temperatures.

which measures the position of a particular type of atomFrom the MET?® a single InAs ML in GaAs is expected to

relative to the substrate planes, normalized by the diffractiomiaveP"=1.146 under pseudomorphic conditicn8ompar-

plane spacinggs. (For a single atom in bullP"=1.) The ing the raw data of Figs. 4 and 5 with Fig. 3 it is clear that

yield YH is the In atoms do not occupy the same positions as the sub-
strate Ga atoms. Our best 1-ML sample, structurally, is the
YH=Y[1+ R+2\/§FHcos{a— 27P™)]. ) one withT,=550 °C, having an ideal coherent position and

the highestF™. 1-ML samples grown at 400 and 600°C
Here,R and « denote the reflectivity and phase as given byhave similar positional values to one another and high values
the dynamical theory of x-ray diffractioff,andY® is propor- ~ of F™. Notice the more bulklike characteristics of the data
tional to the beam flux. Thermal vibrations may be taken intdfor the 3 ML.
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RN ' xC'l"2A5+(1fx)C'f2aAS
i 1 ML InAS ] aL:af_z XCI:Lq_AS-f‘(l—X)C?laAS (aGaAs_af)r (5)
In L
B and using the standing wave resaljt= PHag,as. Using this
= " - method we find the following values of for the 3-ML
1 P~ 1188002 | samples 0.630.14, 0.56:0.14, and 0.6€ 0.14, in order of
o |Te=600°C i F - 062:0.10 increasingT,.
g g Ak qu=1_15¢o_02, In order to clarify the mechanism producing the higher-
. [Te=550°C 1% F 2072+008 | than-ideal coherent positions in the 1-ML samples with the
¥el lowest T, values, we consider the possibility of In atoms
< | . P, =1.17£0.02, | occupying multiple sites in the crystal. If the In atoms oc-
= Tg =500 °C Fe5.0.6020.08 cupy n positions @} relative to the diffraction planes, then
2 P2 1.19£0.02, PH andF" may be writteR®
D [T, =400°C F = 057:008 |
= i T —— FH=(G}?+ G212 (6)
and
1 G} 0.5, if G;<O0
PH=—tanm | —2 |+ n (7)
P s S S . 2w G 0 otherwise,
4384 4386 4388 4390
Photon Energy (eV) where the cosine ter@y, has the form
FIG. 4. Photon-energy dependence of the reflectiviitgttom n
curve and the Ink fluorescence yield near the GaA64) Bragg Gﬁ': E Ci cos(zﬂ-PiH), (8
backreflection condition for a series of 1-ML InAs samples, with =1
growth temperatures as indicated. The solid lines are the best fits to . s -
the data points. The spectra were offset for clarity. and the sine tern®y, is
n
In a previous XSW measurement ofaML InAs film in s . H
GaAs® it was found that the measurd®f’ was consistent GH_;l cisin(2mPy). ©)
with a single InGa, _,As alloy layer, similar to the result
obtained by Woicilet al. for an alloy layer grown by MBE. —— T
Tr_\e unstrained Iattlyce constaat for such a layer is deter- L1 ML InAs
mined from Vegard'’s law as
- In Lap ]
a;=Xapast (1=X)agaas (2 -
whereaga=5.6532 A anda,,5s=6.0584 A are the bulk - P 11020.02 1
lattice constants. For pseudomorphic epitaxy, the lattice con- :@ | E 0741011 -
stant of the alloy layer in the plang;, is equal to the value ‘= |Te=600°C e mcatost
for GaAs, from which the lattice constant perpendicular to D B 1 08£0.02
the interface planeg, , is determined using the METhe o | . 2 oees000
lattice strains parallelg;, and perpendicular, , to the in- < To =500 °C
terface are given bye =(a, —as)/a; and €=(a > [ e B - 1095002
—ay)/as. These are related through the elastic const@nis @ T, _400°C & 0755010 |
andCy, as R " e s onagy|
C12
=-2|=—|¢. 3
€ Cn) €| 3 i i
For the InGa _,As alloy the elastic constants are given by
the concentration-weighted elastic constants of both . ’ -
material$ 4384 4386 4388 4390

ClLi=xCI*+ (1-x)CHe,

Photon Energy (eV)

Clo=XC**+(1-x)CE*. (@

The In mole fraction of a layer with a giveR" can then
be found using

FIG. 5. Photon-energy dependence of the reflectivitgttom
curve and the Ink fluorescence yield near the Ga884) Bragg
backreflection condition for a series éfML InAs samples, with
growth temperatures as indicated. The solid lines are the best fits to
the data points. The spectra were offset for clarity.
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. . i . . . g . o . -
(i) the distancel| between each cation plane and its corresponding 8 e
As plane is a function of the In concentratign. For model(ii) the e,
. . . \.\
spacing is the same for all planes, independent of In content. ¢
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The coefficients in these expressions satisfy the normaliza-

tion =" ,c;=1, wherec; denotes the relative population of Segregation Coefficient, o
P H

the pOS'"“O”Pi - . ) FIG. 7. X-ray standing wave parameters as a function of segre-

Previous XSW measuremehtsere interpreted assuming  gation coefficients predicted by modeli) described in the text,
surface segregation of In atoms during the growth of thewith 1 ML total In coverage.
GaAs cap layer. We consider the results that might be ob-
tained in an XSW measurement of an InAs layer buried inshould be noted thafi) implicitly makes a virtual crystal
QaAs(OOl) |n'clud|ng 'thIS process, where the t0t<’=}| In contentapproximation by assuming that both In and Ga atoms reside
is 1 ML. It is very important to note that a single XSW in the same cation plane. It is well known that the In-As and
measurement provides only one Fourier component of the IGa-As bond lengths do not deviate significantly from their
distribution. This presents a uniqueness problem when ongative values in the ternary alld§;>® and that the atoms do
attempts to infer additional information in this way, although not occupy the virtual crystal positions. Modg) is to be
the measured values do place some constraints on the strusbnsidered as a first approximation in lieu of a more com-
tural possibilities. plete description.

The issue of segregation of third-column atoms in the Model (i) assumes terracing of the In atoms, and neglects
growth of Ill-arsenide heterostructures has been addressed étige effects, which are likely present at the boundaries be-
some depth by Guille, Moisoet al'***A simple model was  tween the InAs and the surrounding GaAs. Additionally, this

prqp_ose&i“ in which the segregation is characterized by anassumes equal strain in all InAs layers in spite of the differ-
efficiency coefficiento. When the first monolayer of GaAs ences in In content. In this respect modglis somewhat

is deposited on the InAs monolayéayer 1), a fractiono of more realistic.

the In atoms segregate to the surface, burying the same frac- We have estimated the possible XSW parameters using
tion of the deposited Ga monolayer. The process continuesoth models. In casé), with a giveno, the lattice constant
during the deposition of subsequent GaAs layers. We corfor thenth layer was estimated using Vegard’s law and equa-
sider two possibilities(i) Each group Il layer consists of an tion 10, which gives the bulk lattice constant. The effect of
In,Ga alloy, with the composition of sequential layers gradedtrain is included using MET as discussed previously.

in the growth direction. The composition of threh layer, If the (004)-plane spacing between thia In,Ga layer and
|nan31—anS, is X, and the corresponding As-plane is denoteddjy, then the total
distance of thenth layer from the last As-plane of the sub-
Xp=(1—0o)o" L. (10  strate is

and the strained lattice constant of each layer is found from n-1

Egs. (2)=(5). In this scenario the In atoms are locatedsat dnzzz d, +dT. (11)

the lattice constant of the strained layer, which is a function =t

of x,,. The other possibility istii) Each group Il layer con- These positions may then be substituted into Egjsand(9)
tains In and Ga atoms as above, with the In atoms arrangeidom which F" and PH are determined.

in equidistant “terraces” or islands. For each layer the tet- The results for a range of segregation coefficients are
ragonally distorted InAs cell is expanded 14.6% in t881)  shown in Figs. 7 and 8 fofi) and (ii), respectively. For the
direction compared to GaAs. This is the scheme used in Refnodel (i) in which the segregation produces a graded
1. An illustration of the two models appears in Fig. 6. It In,Ga, _,As alloy, the theoretical XSW parametep$' and
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T T T T T T T i TABLE |I. Temperature dependence of GaAs growth rate, from
1.0 ”\",; """"""" 1 the GaAs cap thicknesses determined by XRD.
0.8 - ™ f T o
s | \.\ : ] Temperature (°C Growth rate gum/hr)
g 06 -} """ ?\.\ . 400 1.94:0.07
£ I ~. 500 2.42-0.12
5 4T S ] 550 2.41:0.11
c 3 LNy o
8 02| "~ | 600 2.42-0.13
00| 1 1 1 1 .\. ] .
[ ] growth of MBE films, both§ layers and ternary alloys,
124 F Pt grown at 420(Ref. 14 and 480 °C'® In the thermodynamic
- o 1 model®® the surfacexs, and bulk,x,, concentrations of In
st2r ‘/./°/ . are related by the expression:
3 I . 1
T 1.20 | * ]
T S N ; In( > )+ B2 ) (12
G118} e J 1-x5) kT 1—Xp
Q L~ i . . . .
© 116 [ /./{‘ : ] A modified expression takes into account the lattice mis-
i ] match between InAs and GaAs. Experimentally the segrega-
gqa e o v tion energyEs, was found to be near 0.15 eV.
00 01 02 03 04 05 06 07 08 09 1.0 Other experiment§~23have found that In segregation in-
Segregation Coefficient, ¢ creases with increasing growth temperature. However, Eq.

(12) predicts the opposite behavior. A kinetic motihas
FIG. 8. X-ray standing wave parameters as a function of segresyccessfully reproduced the results at fixed temperature
gation coefficient- predicted by mode(ii) described in the text. In  \hile accounting for the observed increase with growth
the bottom half of the figure the experimental XSW coherent pOSi‘temperaturé.ﬁ The incident As flux has also been shown to
tions (small hollow squargsare compared with the values of the zffact the segregatio%?, and might be included in an even
segregation coefficient, which might produce the measuré&d'. more complete model.
The §0Iid and dashed rectangles are used to indicate the range of If our XSW data were interpreted using modi) as dis-
opossnble values o for the 1-ML samEIes%_grownhat 400 and 500 ¢ 5ce above, then this would indicate increasing In segre-
e e oMo with decreasing, . Ths cisagrees wih he experr
' " mental evidence for MBE growth obtained by other
mean$®~2% due to differences in the growth conditions be-
FH are found to decrease with increasing segregation, butveen MBE and MOVPE. Results for MBE-grown samples
remain close to the values for the ideal ML. It is clear from have indicated that the growth temperature of the GaAs bar-
the figures that onlyii) can explain the experimental results riers also plays a pivotal role.
in which PH>1.15. For samples grown at 400°C and For the 1 ML samples grown at 550 °C and 600 °C the
500 °C, the XSW coherent positions are found to be consisXSW results indicate near ideal In distributions, particularly
tent with 0=0.30, ando=0.15, respectively, as indicated. in the former. We attribute this to the favorable conditions
Moreover, the experimental values®f are consistent with created in the MOVPE environmelft.Let us address the
this interpretation, if the Debye-Waller factor is included. requirements for minimal segregation suggested by other au-
Let us reemphasize that this interpretation of the XSW datahors.
is not entirely conclusive. As shown in Table I, the GaAs cap growth rate is inde-
Considering the relationship between the data and the igpendent of temperature for 500 &0;<600 °C. This is
land model, the results are somewhat surprising; the segréndicative of mass-transport-limite1TL) growth3® Gerard
gation coefficients inferred from the data are found to beet all’ suggested that the segregation process may be mini-
greater for the samples grown at the lowest temperaturesmized by suitable adjustment of the kinetics during the cap-
Since Giannini et al. measured only one sample using layer growth. In the MTL regime the growth may be less
XSW,! the effect of changing the growth temperature wassusceptible to a kinetic rearrangement of group-Ill atoms,
not discussed. They fourld?=1.17+0.02F"=0.58+0.07  allowing a reduction in the In-Ga exchange reaction. At 400
which was related to a segregation coefficientoe$0.25 °C, which is in the surface-kinetic-limited regime, the
when the structure was grown by MBE with the flashoff growth kinetics may play a larger role. A strong temperature
technique. In their experiment, the InAs ML and the first 5dependence in the surface reconstruction during growth has
ML of the GaAs cap were deposited at 420 °C. The tem-been observetf. This results from the incomplete decompo-
perature was then raised to 540 °C to desorb the segregatedion of the TBA’'s molecules at the lower temperatures,
In. Finally, 300 A of GaAs were deposited at 540 °C. which may contribute to the apparent enhancement in the
In studies of indium segregation in Ga@81)/InAs/GaAs  segregation under these conditions.
structures in the literature, thermodynamic and kinetic mod- Guille et al1* suggested that very high-GaAs growth rates
els have been suggested to describe the process. Guille, Maieuld beat the In-Ga exchange rate, although this was not the
sonet al. have carried out detaileid-situ studies during the case for up to 0.5um/h. Recent resulfs for MBE-grown



PRB 61 LAYER PERFECTION IN ULTRATHIN InAs QUANTUM . . . 2079

In,Ga, _,As/GaAs structures at 5.2m/h and 500 °C have 10k,
noted the reduction in the In segregation due to the rapid i
surface coverage. At our higher temperatures we have a
GaAs growth rate of 2.4cm/h, which may be sufficient to
discourage segregation. At lower temperatures the reduced
GaAs growth rate allows the segregation process to occur
more prominently.

Using reflectance difference spectroscopy, time-resolved
studies were carried out during the growth of these quantum
well structures’® Although it was noted that segregation may
occur during GaAs overgrowth, the effect was not com-
pletely pronounced in the data. In contrast, clear evidence of
In segregation was observed during atomic layer epitaxy
(ALE) growth** which has a much higher cation surface mo-
bility than conventional MOVPE. Recall that in the atomic
layer mode the incident group-lll molecules are not accom-
panied by a group-V flux, and are thus much more mobile on
the surface. This mobility produces the smooth interfaces
that are associated with the technique. Unfortunately, the
lack of As overpressure can lead to enhanced exchange re-
actions between incoming Ga atoms and the underlying 114 P EEE——
In.1>Z While ALE produces interfaces that are highly uni- 00 02 04 06 o8 0
form and smootf they suffer from reduced abruptness. We

have found that In segregation cannot be eliminated in the FIG. 9. X-ray standing wave parameters for greater than 1 ML
ALE growth for any usual grow'th tgmperatlﬁ%. . of In coverage, as a function of In second-layer coveradge the
We c0r_1c|ude that the combination ‘?f growth in a M_T_L bottom half of the figure the experimental XSW coherent positions
regime, high-growth rate, and low cation surface mobility,, the 1-mL samples grown at 400 and 500 fkllow squares
aid in reducing the effects of segregation in the 1-ML Struc-are compared with the values of the second-layer coveraghich
tures produced at the higher temperatures. For the sampl@gght produce the measure@" values using the alloy model
grown at lower temperatures, the XSW data may be indicatdashed ling The hollow circles indicate the correspondence be-
tive of enhanced In segregation. This could be due to surfacgveen the experimental results and the terrace maéidl line). In
kinetics effects: lower As coverage on the growing surfacethe top half of the figure the corresponding values=8f are indi-
and the lower GaAs growth rate. Although these factors are aated, as well as the experimental values.
direct consequence of the reduced temperature, the tempera-
ture itself is not the important paramefeer se. can be associated with second-layer In coverages of 0.31 and
Alternatively, it is possible that the nominally 1-ML 0.16 using the alloy model. The terrace model gives the val-
samples grown at the lowest temperatures contain more thares 0.25 and 0.13, for the 400 and 500 °C samples, respec-
one layer of In atoms. We can consider this case by supposively. In the figure the correspondence between each of
ing that the films contain one perfect In layer, with additionalthese models and the experimerial values are indicated.
In located in a second layer above the first. As in the previFrom the measureB™ values it is not possible to determine
ous discussion, the In atoms in the second layer could behich model might actually describe the situation.
arranged in an In,Ga alloy layer, or in a “terraced layer.” In ~ On the other hand, the two models show larger differ-
the alloy layer the In-As planar distance would be given byences in the predicted values Bf. For increasing second-
Egs. (2)—(5). In the “terraced layer” the In-As planar dis- layer In coverage the alloy model predicts a nearly linear
tance would be expanded 14.6% in @91 direction com- decrease in the measured coherent fraction. The terrace
pared to GaAs. model, in which the two In layers are separated by a larger
Figure 9 shows the predicted values for the XSW coherdistance, shows a more dramatic decrease with increasing
ent position and coherent fraction which would be obtainedsecond-layer coverage.
for two-layer systems of this type as a function of second From the top curves of Fig. 9, it is clear that the measured
layer In coverage. The XSW parameters were determinedalues ofF" are significantly lower than the values predicted
using Eqgs.(6)—(9). Notice that the two models converge at by either model. By including thermal effects through a
the endpoints, i.e., for exactly 1 ML of In or exactly 2 ML of Debye-Waller factor of 0.9Ref. 31 the discrepancy be-
In. For intermediate coverages the coherent position is veryiveen the experimental and predicted values is decreased
similar between the two cases, and varies roughly linearhsomewhat, but still suggests a certain degree of random
with second-layer coverage. The greatest discrepancies bstructural disorder in the films. Recall that our XSW mea-
tween the two models occurs for a second-layer coverage alurements for a bare GaAs wafer suggested that the Debye-
61%, which is well beyond the possibilities for our measuredwaller factor may actually be closer to 0.8. Even this value

0.9

0.8+

0.7

Coherent Fraction

Coherent Position

Second Layer In Coverage, x

values ofP". cannot completely account for the measured coherent frac-
For the nominally 1-ML samples grown at 400 and 500tions.
°C, the measured values & were 1.19-0.02 and 1.17 It should be pointed out that this interpretation would sug-

+0.02, respectively. In Fig. 9 it is shown that these valuegest that the In coverage decreases with increasing growth
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~ FIG. 10. k-weighted InK-edge XAFS,kx(k), with E- polar- 15 11 k-weighted In K-edge XAFSky(k), with E, -polar-
ization, from 1-ML InAs films and growth temperatures as indi- ization, from 1-ML InAs films and growth temperatures as indi-

cated. The top spectrum was obtained using an INAs reference povityie superimposed on the data are the fits to the Fourier filtered

der in transmission. Superimposed on the data are the fits to the. chq contributions, which correspond to the In-As near-
Fourier filtered first-shell contributions, which correspond to theneighbor bond lengths.

In-As near-neighbor bond lengths.

temperature. In studies of INAs homoepitaxy, Watkits where the sum is taken over all atomdocated at distances
observed the opposite behavior, i.e., an increasing growtfji oM the absorbing atom. The factor &) is related to

rate with increasing temperatuteFor the ML samples the the polarization dependence of tHeshell XAFS in the di-

heteroepitaxial strain affects the In incorporation, so the hoP0'€ approximatri]on, wherg; is the a;]ngle between thehelec— .
moepitaxy results do not entirely preclude the possibility oftfi¢ vector and the bond between the absorber and the back-

excess In in these films. scatterer. Phase shiftsj(k), and ¢;(k) arise from the
interaction between the photoelectron with the absorber and
the backscatterer, respectively.

C. XAFS analysis The amplitude functiorB;(k) is

In order to resolve details of the local structure of the In

atomic distribution, we consider the results of XAFS mea- N; )
surements in both thE| andE, orientations. The XAFSy, Bi(k)=— SiF(k)e 2RiNi(kg= 20, (14)
was separated from the In K-fluorescence data using the KRy

42 Thic _
AUTOBK program.™ This involved pre-edge background where N; is the number of atoms of typelocated at an

removal using a linear fit; normalization to the edge jump to distancg. f the absorbeis? is th ) |
put the data on a per atom basis; and removal of the posted erage distands; from the absor e is the passive e ec
background. AUTOBK uses a fourth-order polynomial ron factor describing the overlap between the wavefunctions

spline with knots equally spaced krspacé? to minimize the of thg electrons in the absorbing atom before and after the

low R background in the Fourier transform kf(k), where ejection of the core photoelectrosf(< 1). The bz;\czkscatter-

k is the photoelectron wave numbdr= 2m(E—E,)/%. ing amplitude of atomi is given byF;(k), e 2 is the
Figures 10 and 11 show the normalized XAEgk) data  XAFS Debye-Waller factor wherer? is the mean-square

for 1-ML samples in both polarizations, as well as for anrelative displacement about the average distageinclud-

InAs reference powdér The corresponding Fourier trans- ing thermal and static disorder, ang(k) is the mean free

forms for the data are shown in Fig. 12. In all cases a 10%ath of the photoelectron.

Gaussian window was used in the transformations, which In order to analyze the experimental data we have used

were taken from approximately 0.7 to 12°A. the theoretical package FEFF@Ref. 45 to create a model
The XAFS is expressed Hs for a single InAs layer buried in GaAs. Using the strained
lattice parameters of the InAs cell from the MET, we simu-
X(k):Z B, (K)[3 co(6,)]sin 2kR, +25(K) + é:(K)], lated the XAFS from the In-As nearest-neighbor bonds with

predicted bond lengths of 2.576 A . The polarization depen-
(13)  dence was included in the model calculation which takes into
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T " T " are shown in Table Il from which it is seen that the theory
. provides an excellent description of the experimental data for
the In-As bond lengthR=2.623 A.%’

Results of the fitting for the 1-ML samples are also shown
. in Table II. In all cases the experimental values for the In-As
bond length are found to agree with the expected vaRie (
=2.576 A within the uncertainties in the fitting. Similar
results were obtained by Woicikt al., working at the In
Ls-edge? In that case thé-space range was limited to 4
—7.2 A~1 by the interveningL ,-edge. TheK-edge mea-
surements presented here have the advantage of an extended
—t——t——t——1 range ink-space which gives higher precision. In addition to
] the FEFF fits, the present data were also fitted using the InAs
. referencey(k) as an empirical phasej(k), and amplitude,
|f(k)|, standard,

-2

Magnitude of FT(ky(k)) (A )

Te =600 °C -

To =500 °C |

. x(K) =N f(k)|sin 2kR*+ p(k)]. (15

Tg =600 °C ] In this case the variable parameters in the fits were the coor-
T o] dination numberN®, the In-As bond lengthR®, and an off-
9 =500 setAE,. The results are given in Table II.

To = 400 °C | The bond lengths obtained using the empirical method
F ., T agree very well with those obtained using the theoretical cal-
0 1 2 3 4 5 6 culation. There does not appear to be any connection be-

tween the In-As bond lengths and the growth temperature.
If each sample consisted of In atoms arranged in single
FIG. 12. Fourier transform magnitudes for Kaedge XAFS in layers, then the XSW results might be interpreted in terms of

E, (top curve$ and E, polarizations(bottom curve for 1-ML reduced bond length compression at lower valuesT of

samples and growth temperatures as indicated. The spectra wefesSuming coherency with the GaAs substrate, the experi-
offset for clarity. mental values oP" would then correspond to In-As bond

lengths ofR=2.612 A (400 °C),R=2.594 A(500 °C) and
R=2.576 A (550,600 °C). Clearly the XAFS bond lengths

account the C&@') dependence. Fpr thgy andE, orienta- do not support this single-layer interpretation for the lower
tions the electric vectors were aligned along thé&0 and values ofT
g

(001) crystal axes, respectively. In the former geometry the
number of As nearest neighbors contributing to the XAFS is ) ) )
2, while for the latter all 4 neighboring As atoms are ex- D. Comparison between structural and optical properties
pected to contribut&® The PL spectra for the 1-ML samples are shown in Fig.
The Fourier-filtered first shell data for the 1-ML samples, 13. For the sample grown at 400 °C the spectrum shows very
corresponding to the In-As bond lengths, were fitted usingveak In-excitonic luminescence. The feature labeled
the theoretical amplitudB;(k) and phase (k) + ¢;(k). In  “DAP” represents donor-acceptor pait.490 eV} and free-
the fits the variable parameters we®g, R, o? and AE,,  to-bound(1.493 eV} transitions at carbon impurities. These
which allows for an offset between the theoretical and ex+esult from the incomplete decomposition of TBA's precur-
perimental values dE,. The fits were carried out using only sor molecules, leading to carbon incorporation in the crystal.
the data fork>4 A ~! to minimize the effect of such an For the remaining samples, the PL emission energies in-
energy shift on the In-As bond length, which is most sensicrease with growth temperature, while the linewidths gener-
tive to such a discrepancy. ally decrease. An exception is the sample witj=530°C,
The same fitting procedure was carried out for the InAsexhibiting particularly narrow and bright luminescence. The
reference powder using a FEFF model for InAs. The resultésnhomogeneity of the peak shift could be due to slight dif-

TABLE II. Experimental In-As bond lengths determined from the XAFS analysis for the 1-ML samples.
The results obtained using Feff and the empirical standard are presented.

Mode Sample R(A) Re (A)

Transmission InAs 2.6250.004

E 500 °C 2.5710.007 2.56& 0.006
600 °C 2.575:0.004 2.5730.008

E, 400 °C 2.574-0.006 2.571%0.007
500 °C 2.585-0.008 2.5810.008

600 °C 2.571+0.006 2.56%0.009
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T 1460 oV T teristics may be attributed to a trend towards more perfect,
’ J\ To = 600 °C o-like InAs layers, being particularly evident in the 530—
550°C range.
1430\ To = 550 °C Previous treatments of the effect of In segregation on
- 460 oV optical emissign found that with dgcreasing growth tempera-
= _/\ T, =530 °C ture the transition energies are shifted towards lower energies
] and then saturate at minima which, the authors argued, cor-
o) 14436V \ T4 2500 °C respond to minima of segregation. In that case, however, the
< transition energy vd 4 curves were concave up. From Fig.
> 14T\ . 15, our results do not reproduce these observations. Rather,
g’ To-4807C the PL energies increase with increasifig, and may ap-
g ___% proach limiting behavior at temperatures beyond those con-
= T:-450°C sidered here. We point out that the curve is concave down in
o % this case. Thus, these results do not necessarily indicate
To=430°C temperature-dependent segregation.
1.423 eV DAY@U °C Previously in this paper we showed that the large coherent
..A positions observed by XSW in the loWg; samples were con-
1.40 1.45 1.50 sistent with model(ii) which supposed In incorporation in
Energy (eV) islands rather than in graded,®a, _,As layers. If the lateral

extent of these islands is greater than the exciton radius, then
FIG. 13. Photoluminescence spectra for a series of 1-ML InAsthe net effect would be a decrease in the emission energy due
samples, with growth temperatures as indicated. The spectra wefg the fact that the exciton samples a potential well of thick-
normalized to a peak height of unity and offset for clarity. ness significantly greater than 1 ML, while maintaining an
. . _._average layer thickness of approximately 1 fA112
ferences in the amount of incorporated In, or subtle differ-  thase data could also be related fo excess In in the

ences in the layer morphologies. _ _ samples grown at the lowest temperatures, according to the
For thez-ML samples(Fig. 14), 400°C is again seen to giscussion accompanying Fig. 9.

be upguitable for good optical materiql, despite the more  The Jack of any clear trend for theML samples is note-
promising XSW results. The spectrum is dominated by thgorthy: since the MOVPE InAs growth exposures for these
carbon impurity features. The brightesg-ML In- samples were half the corresponding values for the full
luminescence is observed for the sample Wig=600°C. 1 's e might expect similarities between the two series.

A comparison between the structural and optical properthe |ack thereof may be related to details of the growth
ties appears in Fig. 15. The data suggest a correspondenggschanism at the subML scale. For example, the growth
between the decreasing coherent position and the increasing, |4 take place in either two-dimensional or three-
PL peak energies as a function of growth temperature in thgmensjonal modes, or could involve compositional alloying,
1-ML samples. As well, the PL linewidths decrease dramatiyhe details of which are difficult to resolve.
cally with increasing growth temperature. This is mirrored
somewhat by the increasing coherent fraction. These charac-

IV. CONCLUSIONS

1.501 eV We have used x-ray standing waves, x-ray diffraction,
polarization-dependent XAFS, and PL to assess the struc-
tural perfection and the light-emitting characteristics of
monolayer and submonolayer InAs quantum wells in GaAs,
Ty = 600 °C prepared by MOVPE. Structurally, the best 1-ML sample has
been realized at 550 °C according to the agreement between
the data and the expected coherent position for the In layer,
and the relatively high coherent fraction. The first-neighbor
In-As bond lengths determined from the XAFS agree with
Ta = 500 °C the macroscopic description of the strain accommodation.
The variation in the experimental XSW parameters with
DAP growth temperature has been compared with a model for the
segregation of In atoms into islands during the GaAs cap-
layer growth. To our knowledge, this is the first time that the
To = 400 °C segregation effect has been studied in samples prepared by
MOVPE. Our measurements suggest that in the mass-
transport-limited regime the MOVPE growth conditions are
successful in limiting the deleterious effects of segregation.
Additionally, we find a correlation between the XSW results

FIG. 14. Photoluminescence spectra for a series-bfL InAs  and the PL emission energies and linewidths. These experi-
samples, with growth temperatures as indicated. The spectra wefgents show that the layers with the highest structural quality
normalized to a peak height of unity and offset for clarity. also exhibit the best optical properties.

1.498 eV

PL Intensity (Arb. Units)

1.40 1.45 1.50
Energy (eV)
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