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Local structures and interface morphology of InGa, _,As;_,N, thin films grown on GaAs
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X-ray absorption fine-structure techniques have been utilized to probe the short-range structures around N
and In in InGa, _,As; - N, compounds containing about 3% of N and 8% of In. Our results indicate that N
impurities most likely substitute for As atoms in the system. The In-As interatomic distance in these com-
pounds remains practically the same as in InAs, while the coordination number of As atoms around In shows
possible variations with changes in the material characteristics. The N atoms play an important role in affecting
the changes of band gap while also serving as “strain moderators” by providing a tensile strain in the film to
counteract the compressive strain caused by the In impurities. Further, grazing incidence x-ray scattering
measurements of |G _,As;, N, /GaAs heterojunctions provide direct evidence that th&é&_,As, N,
thin films can indeed be lattice matched to GaAs substrates resulting in a reasonably smooth heterointerface.
[S0163-18299)11643-9

[. INTRODUCTION other fundamental issues such as the impurity levels, strain
effects, and their influence on electron transport can be fully
Multilayer compound semiconductors are most promisingunderstood. Preparation of ,[@a __,As,; N, compounds
contenders for the development of next generation solar cellwith desired physical characteristi@s.g., high-electron mo-
with expected efficiencies higher than 40%. A plausible first-bility ) is still a technical challenge at the present time. More-
step improvement of efficiency over the present recordover, since incorporation of In and N can give rise to com-
holding GalnB/GaAs junction devickis to add a third semi- pressive and tensile strain in thin films of Gy _,As; N,
conductor layer with an energy gap around 1 eV and yetleposited on GaAs, it is conceivable that the interface mor-
lattice matched to GaAs. The ideal calculated efficiency folphology at the heterointerface can play an active role in af-
this triple-junction system would be 38% for AMO spectrum, fecting the local structure) as well as the mobility or diffu-
compared to 31% without the third junctidrithe currently  sion length of the charge carriers. All these properties are
known “material of choice” for this goal is a novel quater- important for photovoltaic applications. Physical studies of
nary system IgGa, _,As; _yN, . Previous studies of this sys- the local environment surrounding N and In atoms in this
tem have shown that adding In atoms to GaAs increases thguaternary system and the interface morphology would seem
lattice constant and the band gap while incorporating N athighly desirable.
oms into GaAs decreases both the lattice constant and the The x-ray absorption fine structutXAFS) normally re-
band gap. By an interplay of In and N doping in GaAs, a fers to the element-specific short-range structure probing
desirable range of direct band gaps and lattice constants caechniques of near-edge x-ray absorption fine structure
thus be tailored to suit the needs of advanced photovoltaitNEXAFS) and extended x-ray absorption fine structure
applications. For example, the compoungGa, _,As; N, (EXAFS). It has been known for some time that core level
can be lattice matched to GaAs with a band gap very close tphotoabsorption process can be used to characterize the
1 eV by choosing«<= 3y with y around 3%. Applications of bonding and structure of systems that do not exhibit long-
this compound system in long wavelength laser diodes haveange order. In the present experiment, we have utilized
already been reported' NEXAFS to determine the local bonding environment about
Although the structure of the }@a, _,As system appears N in GaAs_,N, (y=0.057) and IpGa _,As;_yN, (x
to be well explored, the effects of N doping in GaAs are far=0.07-0.08,y=0.02—0.03) compounds. As discussed in
from clear. The location of N atoms in the host as well as itsseveral recent reviewsthe N K-edge NEXAFS spectrum is
bonding configuratiofs) must be determined at first before directly related to thep-projected density of unoccupied
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TABLE I. A list of samples studied in the present XAFS experiments.

Chemical formula Film thickness Band gap

Sample 1. D. (nomina) (pem) (eV) Experiment
EMC2532 GaAg 9aNo.057 1 N K NEXAFS
MB023 INg 0dG & 92ASo 9N0.03 1 1.03 NK NEXAFS
EMC3221 1Ny 07/G&.097S0.08N0.017 0.6 In K EXAFS
PA475 1INy 0658 92ASo 9N 0.03 1 1.07 InK EXAFS
MB394 IN.065@ 92250, 60 03 1 0.99 InK EXAFS
MB395 1INy 06G & 92ASo 9003 0.1 In K EXAFS

states in nitrides. Based on these observations, tKeedge  energy resolution for this experiment wa®.7 eV near the
NEXAFS spectrum can often be used to determine the local K-edge region.
electronic and physical structures of nitrogen in various ni- Nitrogen K-edge NEXAFS spectra obtained from PEY
tride compounds. measurements with Gaf\gg 057 (Sample EMC253Rand
Since the dilute In impurities in WGa,,As; Ny do not  Ing ¢dGay 9 AS 9No 03 (Sample MB023 compounds are pre-
generally form long-range-ordered structures, EXAFS issented in Fig. 1. Since the detailed structural arrangements of
therefore needed for investigating tloeal structures around the constituent atoms in these compounds are unknatn,
In atoms. In the present work, EXAFS measurements wereitio multiple scattering calculations of the absorption fine
performed at the InK edge on four IpGa_,As; (N,  structure for the compounds are not reliable for making a
samples witlx=0.07-0.08y=0.02—0.03. The unique fea- direct comparison with these NEXAFS data. Instead, we
tures and detailed description of the EXAFS technique ardave taken an empirical approach for a quantitative compari-
well known as can be found in several review artides. son of these samples with other nitride compounds. Nonlin-
In addition to the x-ray absorption spectroscopy studiesear curve fitting of these NEXAFS spectra can be achieved
experiments of grazing incidence x-ray scatterit@XS) by using a combination of linear, arctangent, and Gaussian
were also performed on samples of @& ,As; (N, to in-  functions for the intensity of the background, edge-jump, and
vestigate the interface morphology. This is a nondestructiveesonance peaks, respectively, of the following form:
technique well suited for probing the interfacial roughness
and height fluctuations of buried interfaces. Detailed descrip-
tion of this experimental technique and methods of data I=ax+b+Aytan*
analysis have been reported elsewHere.

2(X—Xo)
Wo

A _4(Xi_xc,i)2

+ EI Wiex;{—w'2

€y

Il. EXPERIMENT

In,Ga, _,As;_ N, and GaAs_,N, samples studied in the Although no precise physical meaning can be associated
present experiments were prepared by atmospheric and lowvith Eq. (1), a close fit to the experimental data enables us to
pressure metalorganic vapor phase epitaxy using trimethyHetermine accurately the centers and widths of the resonance
gallium, trimethylindium, arsine and 1,1- peaks in the spectra, which can then be quantitatively com-
dimenthylhydrazine. The growth temperatures were betweepared with those of known reference compound systems. The
550° and 650°C at growth rates of 2.4—7ufn per hour. resonances in the NEXAFS spectra are interpreted as due to
Some characteristics of the samples studied in the present tkansitions from the bound, localized core levels to quasi-
K-edge NEXAFS and IrK-edge EXAFS experiments are bound or continuum states. Dipole selection rules allow tran-
listed in Table I. sitions from the localized 4 initial states intop-like empty

The x-ray experiments were performed at National Synstates. For a comparison of the resonance peaks, the N
chrotron Light Source in Brookhaven National Laboratory.K-edge NEXAFS of a 1..um-thin film of GaN deposited on
Measurements of NK-edge NEXAFS were made at beam- sapphire was also measured. All the curve [fislid lines,
line U1A, the InK-edge EXAFS and GIXS measurements using Eq.(1)] to the NEXAFS datdcircles of GaN and the
were carried out at beamline X3B1. For thekihedge NEX-  two compounds are shown in Fig. 1. The characteristic pa-
AFS spectra, partial electron yie(REY) from the soft-x-ray = rameters for the three NEXAFS spectra obtained from this
irradiated sample was measured as a function of incidenturve fitting are listed in Table II.
photon energy by using a channeltron detector assetly. Conventional EXAFS measurements around thi€ ddge
retarding potential of 100 eV was applied in front of the were also attempted, but without success. The experimental
electron detector to repel the low-energy background eleddifficulties are mainly caused by the insufficient energy
trons. Time- and energy-dependent variations of the signaiange of soft x-ray that is too short for reliable EXAFS
were taken into account by normalizing the PEY data withanalysis. The measurements are further complicated by ubig-
respect to the incident beam intensity, which was constantlyitous oxygen contamination in the samples.
monitored by the electron yield of a fine gold mesh. Another Indium K-edge EXAFS measurements were conducted
upstream gold mesh coated with nitride was used to providey using a conventional x-ray fluorescence mode detection
an energy reference for the NEXAFS measurements. Thto probe the local structures around In atoms in
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the model compound InAs are shown in Fig. 2. The param-
eters obtained from this analysis are listed in Table III.
Grazing incidence x-ray scatterin@IXS) experiments
on two InGa_ ,As; | N,/GaAs heterojunction samples
were conducted to investigate the interface morphology of
the heterointerface. These two sampleéa474 and PA476
were prepared under the same condition as for PA475 used
for the EXAFS study(see Table)l Following the methods
described in our previous workspecular reflectivity, longi-
tudinal diffuse scatteringLDS), and transverse diffuse scat-
tering (TDS) scans were made to probe the interfacial rough-
ness and correlations of interface height fluctuations in these
samples.

Electron Yield / A0

IIl. RESULTS AND DISCUSSION

Figure 1 shows a comparison of NEXAFS spectra of three
RS ’ nitrides. The spectrum of GaN is very similar to that mea-
EMC253 ” e 0 sured previously by Lambreclhdt al. from which detailed
p _ band-structure correlations with the various Kredge
featured® have been obtained. The main interest in our
present NEXAFS study is to determine whether the local
bonding environment about N in Gaf\s{Ng 057 (Sample
#EMC2532 and Iny dGay 95ASy 9N 03 (Sample #MBO02Bis
Photon Energy (eV) similar to that of GaN and other nitrides. A comparison of
the NEXAFS spectra in Fig. 1 and their curve-fitting results
in Table Il clearly reveal that the peak positions and relative
peak intensities of the former two are very different from
those of GaN. As demonstrated by Terminediball! for
InyGa; —xAs; —,N, samples. The experimental setup at beam-boron nitrides(BN) with various crystal structures, the peak
line X3B1 is similar to that used in our previous EXAFS positions of N K-edge features can be used to identify
experiment$ and all the samples were measured at roonwhether N is insp? or sp°-hybridized configurations. For
temperature. For comparison with a model compound in dataxample, thé&k-edge feature corresponding to thg?-type N
analysis, EXAFS spectra of a film consisting of InAs pow- generally appears as a relatively sharp peak located between
ders were also obtained at the Knedge using transmission 399 and 402 eV, whereas that for tap>-type N is charac-
mode detection. A well-established background subtractioterized by a broad peak centered around 405 eV. Similar
and correction method was used to extract the EXAFS observations have also been reported for transition metal
functions from the raw experimental d&t3The y-functions  nitrides'? where transitions from the Nslstate to ther*
were then weighted witk and Fourier transformed into real orbitals (sp?) and o* orbitals sp°) typically occur in the
space for detailed analydistor a quantitative study of the NEXAFS spectra at energies below 402 eV and above 405
local structures, the experimental data were analyzed aneV, respectively.
compared with theoretical calculations by a curve-fitting By adopting this empirical correlation, the NEXAFS
method®® The EXAFS y functions and the corresponding spectrum of GaN in Fig. 1 indicates that the local bonding
Fourier transforms for the four samples studied along withenvironment of N in GaN is in botep? ands p*-hybridized

400 410 420 430

FIG. 1. NitrogenK-edge NEXAFS spectra. Circles: experimen-
tal data; lines: curve-fitting results using Ea).

TABLE Il. Parameters obtained from curve fitting thekNedge NEXAFS data.

Sample Edge-jump Peaks
Xo (€V) W, (eV) X; (eV) AlAg W (eV)
GaN 406.12 0.19 401.43 45 2.24
403.89 76 2.17
405.99 25 2.13
409.08 32 3.11
415.71 4 1.92
418.13 6 241
422.22 35 5.73
GaA$).044Np 057 (EMC2532 404.35 0.62 405.56 23 9.56
INg 058 92ASg 0N0.03 404.24 1.17 405.05 27 9.02

(MB023)
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FIG. 2. (a) Weighted InK-edge EXAFSy functions.(b) Fourier transform of IrK-edge EXAFSy functions shown in(a).

bonding configurations. The detailed nature of this type ofsubstitute for the As atoms in the host.

bonding configurations of N could be very complicated, the As for the local environment surrounding the In atoms,
sp? character, in addition to showing a strong evidence fotwe can see from thi-edge EXAFS results in Fig.(8) that
transitions from % to #* orbitals, might also contain some the k-weighted y function of the four InGa ,As; yNy
possible contributions related to extended defects probablyamples studied is similar to that of the powder InAs model
present in the material. On the other hand, the&KMdge compound. The corresponding Fourier transforms shown in
spectra of GaAsouNoos7 and InyodGay 9oASy 9N oz are  Fig. 2b) further reveal the resemblance between the In local
characterized by broadpeak centered between 405 and 406environment in these I&a As; N, compounds and
eV, suggesting strongly that nitrogen atoms in these twdnAs. A prominent peak in the Fourier transform centered at
compounds are in thep®-bonding configuratioronly. The ~ ~2 A due to the nearest neighbor As shell is present in all
NEXAFS results shown in Fig. 1 thus provide the following the experimental curves. Other possible local structural fea-
two conclusions in regard to the local bonding environmentures beyond this first peak in the Fourier transform are
of N in these two samplesi) These two compounds do not largely contaminated by the background noise, consequently
consist of physical mixtures of separate GaN and GaAs comEXAFS data analysis of the higher order neighboring shells
ponents, which would have given rise to akNedge spec- becomes unreliable. This result indicates that there is a high
trum including the sharp peaks similar to that of pure GaN.degree of local disorder around the In impurities, which
(i) Considering the tetrahedras ¢°) configuration about As masks the possible contributions of higher order neighboring
in bulk GaAs, the observation @&fp*-type nitrogen in these shells to EXAFS in all these I®a As, N, samples. The
two compounds indicates that the nitrogen atoms most likeEEXAFS data also do not allow enough sensitivity for inves-

TABLE lll. Parameters of local structure around In atoms obtained from curve-fitting thé-ddge
EXAFS. The EXAFS backscattering amplitude and phase-shift functions are extracted from the data of an
InAs model compound with first-shell coordination numb&rand distancé2.6137 A, obtained from x-ray
diffraction data edited by WyckoffRef. 13. N is the coordination number.R is the bond length. A ¢
is the difference between the Debye-Waller factors of the samples and the InAs model compound, serving as
a measure of local disorderAE, is the difference between the zero-kinetic energy value of the sample and
that of the model compound. Uncertainties were estimated by using the double-minimum residye (2

method.

R Ag? AE,
Sample Atom N R (1073A2% (eV)
EMC3221 As 4.10.2 2.610-0.005 1.2£0.3 2.5-0.5
PA475 As 3.7#0.2 2.601-0.005 1.20.3 4.7+0.4
MB394 As 4.3-0.3 2.597-0.005 1.9-0.6 5.1+0.9
MB395 As 5505 2.585-0.005 3.2#0.8 1+3
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' v 7 structural information about the higher-order neighboring
(@) shells at the present stage, these results are all consistent with
the previous EXAFS results obtained with random alloys and
epitaxially grown films of InGa, _,As.*!° Hence in these
quaternary compounds j@a ,As; N, , viewed as a ran-
dom distribution of low-concentration N impuritiesy (

\\ PA474 (0.5 ym) ~1.7-3.0%) substituting for As sites in,@a _,As, the

presence of N atoms does not seem to cause any significant
change of the In-As bond length in the,®g, _,As host
where the dilute X~7-8 %) In impurities are also ran-

RS ) mpm) domly distributed.
On the other hand, the coordination number of first neigh-

R S SR S S R bor (As) atoms around the In impurities seems to show some
008 010 018 020 0% 030 variations with the sample characteristics. As shown in Table
a, (AN Ill, the As coordination number in sample MB3%#ith a
band gap of 0.99 eVis higher than that of sample PA475
(with a 7% larger band gap of 1.07 &VA thinner sample
. MB395 (no band-gap data availablevhich was prepared
(b) under exactly the same condition as MB394 shows an even
larger As coordination number as well as a higher value of
Debye-Waller factor. Although the uncertainties associated
with the determination of coordination number are relatively
large, a systematic observation of the trend of changes is still
possible by a direct comparison of the width and intensity of
the Fourier-transform peaks as shown in Figh)2Samples
MB394, MB395, and EMC3221 seem to exhibit a systemati-
cally higher coordination number than PA475, all based on a
PA476 (0.1 um) direct comparison of the Fourier-transform peak with that of
the model compound InAs. An increased local disor@er
w‘ < s 4% suggested by a higher value of Debye-Waller factand
. . . . changes in the As coordination number might be related to
2 - 0 1 2 the poor charge-carrier mobilities found in these samples.
q, (103 A More quantitative understanding of any possible correlation
between the coordination number, local disorder, and physi-
FIG. 3. (a) Specular reflectivity(solid lineg and longitudinal  cal characteristics of materials will require further detailed
diffuse scattering  (dashed lings  data for  studies of samples with a wider range variations of compo-
INg 0dGay 9AS 0N 03/GaAs heterojunctiongb) Transverse diffuse  sjtion and processing conditions.
scattering results for pdGa.0AS0.9MNo.0s/GaAs heterojunctions. In light of these observations, it can be concluded that N
Qpen circles: experimental data. Solid lines: theoretical CalCU|adoping in the ternary system J8a,_,As not only leads to
tions. local structural changes by substituting for the As sites but
also could give rise to possible changes inldel structure
tigating possible formation of InN in the compound or clus-around the In impurities, which in the meantime serves as a
tering of the dilute contents of In and N. The final local strain “moderator” by providing a tensile strain to counter-
structure parameters obtained from detailed curve fitting ofct the compressive strain originated from In doping. With
the first peaks are shown in Table IlI. the help of about 3% of N substitution, only 8% of In doping
Within the experimental uncertainties of our measure-s capable of reducing the bandgap of GaAs43 eVj to
ments, the In-As interatomic distan¢2.59-2.61 A deter- about 1 eV. On the other hand, if doping by In alone, a large
mined for all four InGa,_,As; N, samples are practically 31% of In is neededafter taking into account the band-gap
the same as that in INA.6137 A derived from x-ray dif- bowing effecj in order to reduce the band gap of GaAs to
fraction data-® Although without any further support of local 1.0 eV without the help of N doping. Further, the variation of

Log,, [REF]

PA474 (0.5 um)

Log,, [Intensity]

TABLE IV. Interface parameters obtained from GIXS for®e, _,As, N, /GaAS heterojunctionsry,
and o, are the rms roughness at the sample surfaien,Ga,_,As;_,N,), and rms roughness at
In,Ga,_,As; N, /GaAs interface, respectivelyy is the texture coefficientf; is the lateral-correlation

length.
Sample InGa_,As;_ N, (A) oo (R) o (A) h & &)
PA476 949+ 20 103 5+3 0.9£0.05 112+ 23

PA474 468460 176 14+8 1.0£0.05 116:35
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observed band gap at the onset of optical absorption with land GIXS measurements in various materials, the lateral cor-
and/or N concentrations might actually depend ondisri- relation length values obtained here suggest that the average
bution of these impurity atoms. In the samples studied thusilomain size in these epitaxially grown samples should be
far, the random distribution of both In and N impurities about tens of nhanometers.
could also give rise to a high degree of local disorder and
s'grain_, which could consequently {iffect the mobilities and IV. CONCLUSIONS
diffusion length of the charge carriers. A natural course to
follow for improving the photovoltaic characteristics of ~ The compound semiconductor systemGa, _,As; N,
In,Ga,_,As; Ny is therefore to prepare thin films of this exhibits many intriguing properties, which are particularly
compound with more ordered distribution of In and N impu- useful for the development of innovative high-efficiency thin
rities. film solar cells and long wavelength lasers. The band gap in
The interface morphology between@g, _,As, N, and  these semiconductors can be varied by controlling the con-
GaAs has been examined by using the GIXS technique wittent of N and In and the thin films can yet be lattice-matched
two In,Ga _,As;_,N,/GaAs heterojunctions. Typical re- to GaAs. XAFS and GIXS techniques have been employed
sults of specular reflectivity, longitudinal diffuse scatteringto probe the local environment surrounding both N and In
(LDS), and transverse diffuse scatteri(ifpS) are shown in  atoms as well as the interface morphology of several
Fig. 3. The oscillations observed with sample PA476 adn,Ga ,As; N, thin films epitaxially grown on GaAs. The
shown in Fig. 8a) indicate a high quality smooth interface. results of soft-x-ray XAFS around the nitrog&redge reveal
The other sampléPA474 has a larger thickness, hence the that nitrogen is in the p*-hybridized bonding configuration
oscillations are largely attenuated but still permit a reasonin  GaAs _ N, (y=0.057) and IpGa _,As; yN, (X
able comparison with the theoretical model. However, the=0.07-0.08,y=0.02—0.03) compounds, suggesting that N
LDS plots of both samples do not show any oscillations,impurities most likely substitute for As sites in these two
suggesting that there is no correlation between the morphokompounds. Within the experimental uncertainties, the re-
ogy of the InGa _,As; yN,/GaAs interface and the top sults of InK-edge XAFS indicate that the In-As interatomic
In,Ga, _,As, Ny surface in these samples. This result indi- distance remains same as in InAs. The samples studied so far
cates that the presence of microstructural fluctuations in thell contain a high degree of local disorder around the In
In,Ga _,As; N, films could lead to local disorder in the atoms. However, by a direct comparison of the Fourier trans-
space between successive interfaces, thereby greatly reddorms of the EXAFS signals, a slightly larger coordination
ing the correlation length in the verticéilm-growth) direc-  number of As nearest neighbors around In atoms was found
tion; this observation is also consistent with the absence ah a 100 nm-thin film sample of khdGa 92ASe 9AN0.03
higher-order neighbor peaks in the Kredge EXAFS spec- These results show that N substitution of the As sites plays
tra. The TDS results are shown in FighR The data around an important role of band-gap-narrowing while in the mean-
the central peak and the two side pe&Keneda wingscan time counteracting the compressive strain caused by In dop-
be fitted very well with theoretical calculations. From a de-ing. GIXS experiments further confirm that
tailed comparison between the data shown in Fig. 3 and thdng (dGay gASy.9Np.0z thin films can indeed form very
oretical calculations, rms roughness of the top-surface andmooth interfaces with GaAs, yielding an average interfacial
the interface, the texture coefficieht and the lateral corre- roughness around 5-20 A.
lation lengths have been determined. These results are sum-
marlzed in Table Iy. The_ value. af being c_Iose to unlty ACKNOWLEDGMENTS
indicates that the distribution of interface height fluctuations
in these layer compounds is essentially Gaussian. The inter- We would like to thank Dr. Daniel Friedman for a critical
face between kGa ,As; (N, and GaAs is quite smooth reading of the manuscript and fruitful discussions. The
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