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Photoreflectance spectroscopy of strained (In)GaAsN/GaAs multiple
guantum wells

J. B. Héroux, ? X. Yang, and W. I. Wang
Department of Electrical Engineering, Columbia University, New York, New York 10027

(Received 10 June 2002; accepted for publication 23 July 2002

The effect of a variation of the indium and nitrogen concentrations j&dn ,As, N, /GaAs
multiguantum wells grown by molecular beam epitaxy is studied systematically by room
temperature photoreflectance spectroscopy. The band gap redshift caused by a nitrogen fraction of
1.5% decreases by as much as 30% as the indium fraction increases from 0% to 20%. A moderate
increase of electron effective masari,~0.03mg) is found in all samples containing nitrogen
(y=1%). In compressively strained quantum wells, the energy separation between the first
confined heavy and light hole energy levels decreases in a regular manner as the nitrogen fraction
increases from 0% to 1.7%, suggesting that the modification of the valence bands due to nitrogen
incorporation can be explained by the strain variation. 2@02 American Institute of Physics.

[DOI: 10.1063/1.1507817

INTRODUCTION using highly strained, high indium content InGaAsN quan-
tum wells?! Although the use of a ternary or lattice-matched

The compound lGa —yAs;—yN, (Ref. 1) has attracted quaternary compound as a starting point for fundamental
much attention recently due to its potential for the fabricationstdies of bulk layers may simplify result analysis, the
of GaAs-based optoelectronic devices operating in the neathpjce of the most simple structure may be different for the

. 2 . . . .
infrared” When a small fraction of nitrogen atoms is incor- ontica| characterization of heterostructures when the goal is
porated inta(ln)GaAs, both the band gap and the free lattice;y yetermine how the band gap, effective masses, and the

parameter are decreased. Therefore, for quantum Welﬁand alignment are fundamentally modified by nitrogen in-

grown on a GaAs substrate, either the compressive strain l:sorporation The valence band offset of GaAsN/GaAs het-
lessened in high indium content layers or a tensile strain Rrostructures is small, and this has led to much uncertainty in

‘irgate?h('a” r:(;vv\\// '”Sgign‘;?”tig;lagﬁ% E;)r: ZE:er:(";‘\'lr\:n“I’i't(t)iCedetermining whether the fundamental band alignment of this
Y, q y comp 9 1314 or type 1115 1t has caused

matched to the substrate. ma‘e“"?" system IS pre . .
. ) . . confusion in the assignment of the conduction band confined
The incorporation of nitrogen leads to the formation of

an impurity level located about 200 meV above the conduc M"Y levels in quantum wells, which has led in turn to very

tion band minimum in GaA3.The strong redshift of the large discrepancies in the reported values of the conduction

band gap observed experimentally has been explained byb(f_md efiectwe mass. In a recent paper, ;ham@.” Ok_)'
repulsion between this energetic level and theonduction  tainedme values as high as 0.38, by assuming that optical
band, while the valence band is assumed to be neaﬂgansmons involving the second confined conduction band
unperturbed~® Band mixing with thel andX bands is also  €"€r9y level could not b(_a observed in GaAsN/GaAs struc-
believed to be importadtX°A shift of the conduction band tures since only one confined valence band energy level was
minimum independent of any interaction with other elec-formed. Experimenting with similar structures, Vet al*’
tronic states may be another factor contributing to the ban@Ptained, on the other hand, values aroundh 1five times
gap decreastLocalized energy levels due to nitrogen pairs lower, by assuming that transitions involving the second
or other atomic clusters are also formed around the conduclectronic energy level could indeed be observed. Another
tion band either in the gap or the Continuﬂ-r}?and some of drawback of GaAsN/GaAs structures is that for a very small
the unusual physical properties of the compound could ba&itrogen fraction(below, say, 1% for a well width around
due to a hybridization of the conduction band minimum with 100 A or les$ the conduction band offset becomes so small
these localized staté<? that transitions involving excited electronic states, essential
To date, much of the fundamental work done theoreti-for the accurate determination of many physical parameters,
cally and experimentally on diluted nitrides has been focusedre not observed.
either on the GaAsN ternary compouridee, e.g., Refs. Using instead the well understood, widely studied
5,7,9,10,13-1Por on InGaAsN layers lattice matched to InGaAs/GaAs material system as a starting point to study the
GaAs (see, e.g., Refs. 4,6,8,R0even though some of the effect of nitrogen incorporation experimentally has several
most promising results for laser diodes have been obtaineadvantages. For a relatively high indium fraction, say, around
15%, the valence and conduction band offsets are non-

dAuthor to whom correspondence should be addressed; electronic maipeg”gibIe reQardless Of_t'he nitrOgen concentration so that a
jbh14@columbia.edu number of optical transitions can be observed, tracked, and
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FIG. 1. X-ray diffraction spectra of WGa _ASyesdNoo1s/GaAs FIG. 2. Room temperature photoreflectance spectra of the samples described
(82 A/200 A) multiquantum well structures. Arrows indicate the zero orderin Fig. 1. Arrows indicate the energy transitions obtained using third deriva-
satellite peaks. The 5% In sample is nearly lattice matched so that satellitéve functional form curve fits, shown by dashed lines. Dashed arrows indi-
peaks are almost invisible. cate defect-related transitions.

unambiguously identified. Moreover, if a small nitrogen frac-were unchanged. A well width of 82A was found with a
tion is added, the wells are still compressively strainedhitrogen fraction of 1.5%. Vegard's law is expected to be
Therefore, the fundamental transition should necessarily indccurate in this nitrogen composition rafigso that system-
volve heavy holes and the energy separation between coitic errors are avoided. The indium fraction of the remaining
fined levels involving the heavy and light hole bands shouldsamples in the series was then estimated by measuring their
be larger than in a lattice-matched or tensile strained strucdverage strain and assuming that the variation from one
ture, making it is easier experimentally to resolve the opticasample to another was entirely due to the different indium
transitions and quantify the effect of strain variation. Finally,composition, i.e., that neither the well width nor the nitrogen
the quantum well width can be determinacpriori using a ~ fraction varied. The average strain of the GaAsN/GaAs
nitrogen-free structure as a reference, simplifying the analysample was such that the same nitrogen composition, 1.5%,
sis. In this work, we chose the latter approach and studiewas found by assuming a constant well width of 824, as
systematically and independently the effect of a variation ofxpected. The arrows in Fig. 1 indicate the zero order satel-
both the indium and nitrogen concentrations in InGaAsN/ite peaks. The 19.7%, 14.4%, and 8.9% indium samples are
GaAs multiquantum well$MQWS) in order to better under- compressively strained, while the 5% and 0% indium
stand the physical properties of this material system. samples are nearly lattice matched and tensile strained, re-
spectively.

Figure 2 shows the photoreflectance spectra obtained for
this series of samples. The three distinct optical transitions

Two series of InGa _,As; (N, /GaAs MQW samples marked by arrows visible for the 19.7%, 14.4%, and 8.9% In
in which only the indium(first serie$ or nitrogen(second samples are associated with the first heavy hole to first elec-
series fraction was varied were grown by molecular beamtron (hh1-€l), first light hole to first electrorilhl—l) and
epitaxy using a plasma rf nitrogen sour8VT Inc). All second heavy hole to second electfbh2-e2) transitions,
samples were nonintentionally doped, and had ten periodespectively, with increasing energy. Hetteriehal?® per-
with 200 A thick barriers and a 500 A GaAs cap. Structuralformed polarization-dependent photoluminescence excitation
characterization was done by x-ray diffractiohRD) in the ~ measurements on highly strained InGaAsN single quantum
400 and 511 orientations. Optical characterization was doneells, confirming the nature of the optical transitions ob-
at room temperature by photoreflectarf®®) using a Spex served. Other group$? also observed these transitions for
500 M spectrometer and a photodiode pulsed at 1 kHz emitthis material system and assigned them in a similar manner.
ting at a wavelength of 670 nm with an output power of 1 ~ As the indium composition decreases, the two lower en-
mW. A third derivative functional form was used to simulate ergy transitions involving the hl and I1 energy levels get
the PR spectra and obtain the transition energies. closer to each other and cannot be resolved for the 5% and

Figure 1 shows XRD spectra of the first series 0of0% In samples. Because of the small difference in indium
samples, in which the indium fraction was varied. The pa-concentration among the samples, the evolution of the higher
rameters of the second sample in the sefl&s4% In were  transition can, however, still be tracked and positively asso-
estimated by growing and characterizing by XRD and lowciated with thee2 energy level for the 5% and 0% In
temperature transmittance a nominally identical, nitrogensamples. The intensity ratio of the firduindamental to the
free structure and assuming that the difference in averageighest(e2 associatedtransition decreases with the indium
strain between the two samples—found from the position ofraction and becomes closer to unity for the GaAsN/GaAs
the satellite peak maxima—was entirely due to nitrogen inssample. Extra features located below the fundamental transi-
corporation, i.e., that the well width and indium fraction tion can be seen on the 14.4%, 8.9%, and 0% In samples and

EXPERIMENTAL RESULTS AND CALCULATIONS



J. Appl. Phys., Vol. 92, No. 8, 15 October 2002 Héroux, Yang, and Wang 4363

- 0.14 weree is the strain tensor in the plane of the interfades,
£ 0124 * ¢ and C,, are elastic stiffness constants, am@énd b are the
£ 014 * hydrostatic and shear deformation potentials, respectively.
°'°°—T * The hydrostatic component was applied to the conduction
1.3 4= band, while the shear component corresponds to the splitting
s \\~\*____* between the heavy hole and light hole bands. Since the ni-
% 124 \\\\\\“ trogen fraction is small and is expected to affect mostly the
p x T conduction band, the elastic constants, deformation poten-
L% ""*-..’f.: ‘‘‘‘‘ X tials, and hole effective masses were assumed not to be
1.1 Ik S modified by nitrogen incorporation and standard vaities
% o= were used for all these parameters.
%0_25# ..................... ? A The lower part of Fig. 3 shows the calculated energy
;,r ....................... Ao difference between the unstrained band gap in the well of the
<0.15 , ‘ I ! samples of this series and the one that would be obtained
0 0.05 0.1 0.15 0.2 using a standard expressi8ror a similar compound with-
% In out nitrogen. The band gap redshift due to the constant ni-

trogen fraction is lowered by as much as 30% as the indium
FIG. 3. Data points in the middle of the figure indicate the energy levelsfraction increases. This can be explained using a two level

found experimentally and associated with the lleh-¥), 1lh-1e (X), and . .
2hh—2e (%) energy levels, respectively. For the 5% and 0% In samples, themOdeI’ accordlng to which the band gap of the quaternary

exact nature of the valence energy levels involved is unclear. The dashédaterial is given by
lines are an aid to the eye. Triangla) in the lower part of the figure show
the redshift of the band gap due to nitrogen incorporation calculated fron]E
the transitions observed experimentally. Diamoii®s) in the upper part

g( InxGaﬂ.—xAsl—yNy)

show the electron effective masses also calculated from the experimental > >
data. Exciton binding energies were neglected in the calculations for sim- N EM(X)+ En— \/[EM(X)_ EN] +4VNM(X’y) ©
plicity but this does not affect the conclusions reached. B 2 !

where Ey is the nitrogen impurity level located above the

are believed to be defect-related; Shanabreokl?® ob-  conduction band minimum of a nitrogen-free all&y, and
served similar features in GaAs/AlGaAs quantum wells. OsV/y,=CnuY (Ref. 3)) is the quantum interaction between
cillations above the GaAs-related transitions are also visiblghe two levels. It can be assumed that the position of the
and are due to the finite thickness of the cap layer and thi&npurity level Ey relative to the vacuum level does not
high potential barrier at the surfaéé. change much as indium is incorporat®t but the extended

The middle part of Fig. 3 shows how the observed opti-level E,, moves downward. The energy difference between
cal transitions evolve and can be tracked as the indium frache E,, andEy levels increasing with the indium fraction, the
tion decreases from 19.7% to 0%. Rather than use a premuantum coupling is reduced so that the band gap redshift
defined model to perform a single fit of all observeddue to a constant nitrogen fraction is lowered for a higher
transitions, results were simulated independently for eacindium fraction. Assuming typical valuegy=1.65eV, Ey,
sample to avoid any bias in the interpretation; a single band-E, (InGaAs), andCyy=2.7eV with y=0.015, a reduc-
envelope function formalism was used to find the bulk un-tion of the band gap redshift due to nitrogen of 31% is found
strained band gap and conduction band effective mass in thg x increases from 0 to 0.2, in good agreement with the
well. These two parameters were adjusted until an agreemeskperimental data. The results recently published by Serries
better than 1 meV was reached for the fundamefghlas- et al® for samples with a higher indium composition grown
sociated and the highest confinee2 associatedoptical on an InP substrate also corroborate our own.
transitions. By assuming that the unstrained valence band The upper part of Fig. 3 shows the electron effective
offset was unchanged by nitrogen incorporation and modifymasses determined as described above. The values, although
ing the splitting of the heavy and light hole valence bands taslightly scattered due to the fact that individual fits were
take into account the strain variation in the wells due toperformed for each sample, are consistently larger than the
nitrogen, an agreement within 6 meV was obtained for theones that would be obtained for nitrogen-free samples. No
observed Ihlel transitions. The unstrained valence bandregular dependence of the effective mass with the indium
offsetAEv, was calculated by assuming, based on the worKraction can be observed within experimental precision. Us-
of Joyceet al,?® a strained InGaAs/GaAs band offset ratio ing a two level modef, we expect this dependence to be
Q.=AECc/AEvu,=0.65 for x=8% and 0.57 forx=5%.  small and values comparable to the ones shown here are
AEuv,, varied from 28 meV(19.7% In to 0 meV (0% In).  predicted. Kent and Zunget® proposed that above a small
The biaxial strain was calculated based on the usual Pikuseritical nitrogen concentratioy., the interaction of the ex-
Bir Hamiltonian?® with the energy shifts due to hydrostatic tended conduction band with localized nitrogen pairs and
SEy and sheadEg strain components expressed as other higher order cluster states in GaAsN could explain the

increased electronic effective mass. If so, the addition of in-
OBn=2a(1=Co/Cps, dium shifting down the conduction band does not seem to
0Es=—2b(1+2C,/Cyye, significantly modify this interaction.

D
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ence between the first two optical transitions shown in Fig. 4, associated
Energy (BV) with the first heavy and light hole energy levels, respectively. Diamonds

) (#) indicate the electron effective mass calculated from the transitions ob-
FIG. 4. Room temperature photoreflectgnce spectra of a series afgrved experimentally. Solid and dashed lines show theoretical calculations
In 1453 geAS1 -y N, /GaAs (86 A/200 A) multiquantum well samples. Ar-  of the hh—Ih splitting assuming shear deformation potentials-1.97 eV
rows indicate the energy transitions obtained using third derivative funcandb=-3 eV, respectively. An exciton binding energy of 8 meV was as-
tional form curve fits, shown by dashed lines. sumed for the transitions involving the heavy hole band d¢sée Ref. 3D

_ _ ment is obtained assuming a constéing., lower absolute
Figure 4 shows phqtoreflectance spectra ob_tame(_j for th\E/‘alue) shear deformation potential. The upper part of Fig. 5
second series of multiquantum well samples in which theshows again that nitrogen incorporation results in a moderate

nitrogen fraction was varied and the wells are compressivelyncrealse of the conduction band effective mas= next sec-
strained. The well width and indium fraction of the nitrogen- tion)

free sample were found to be 86 A and 14.3%, respectively,

and were assumed to r_emain constant_in all samples so thB‘iSCUSSION
the nitrogen concentration could be estimated from the aver-

age strain measured by XRD. The identification of the first ~ Figure 6 illustrates the postulated valence band structure
heavy hole to the first conduction bafithh—Z%), first light ~ used for the calculations presented in the previous section,
hole to first conduction ban@Ih—1e) and second heavy hole based on the assumption of a constant unstrained valence
to second conduction barf@hh—2) transitions is straight-
forward in all samples, and was also independently verified
by low temperature transmittance measurements presented
elsewheré?

A plot of the energy difference between the Ilel-and
hhl-el transitions obtained experimentally, shown by the
data points in the lower part of Fig. 5, provides a simple way
to probe the valence band in these structures since the same
conduction band energy level is involved in both transitions.
The hh—Ih splitting predominantly depends on two factors:
the shear deformation potentialand the valence band off- b)
set. The solid lines in the figure show a calculation of the
hh—lh energy splitting for the quantum wglls investigated GaAs, gsNo 0
here assuming a shear deformation potential unchanged by
nitrogen incorporation(b=—1.97 eV} with constant un- Ih
strained band offsets corresponding to strained gmomaeon,
Ing 1:Ga gAS/GaAs band offset ratio®.=0.7 (Ref. 30;
AE, =13meV, lower solid curveand Q.= 0.65 (Ref. 28;

AEv,=20meV, upper solid curyeln a recent article Zhang c) hh
et al® proposed that the shear deformation potential could
be increased in bulk GaAsN samples to an absolute valuelG. 6. (8 Valence band configuration of a compressively strained

. . . ] No 1:G& gsAs/GaAs quantum well(b) Effect of the incorporation of a ni-
higher than 3 eV. The dashed lines in the figure therefor rogen fraction around 2%. The unstrained band offsEv, remains con-

show the_ same calculatiofi.e., _SameA Ev, values per-  gtantin both case$c) GaAsN/GaAs valence band configuration. The offset
formed withb=—3 eV. Clearly, in our case a better agree-is due to the tensile strain antEv,~0.

Ing 15Ga, gsAS Ing 15Gap gsAS 68No 02

AEv

.......
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band offset. In high indium content quantum wells, nitrogenwave functions of even and odd parities, clearly the usual
incorporation reduces the compressive strain, and hence theterband transition parity rule would not appiyand transi-
heavy hole—light hole band splitting, as showr(@hand(b).  tions involving both electronic states would be allowed, as
The heavy hole band alignment is type | in lattice-matchedve observe experimentally.
or compressively strained wells. For an indium fraction Based on these considerations, we propose that Wu
around 15% and a nitrogen fraction lower than 2%, the deet al!” used the correct optical transition assignment for their
crease of the hh—Ih band splitting is not large enough tecalculation of the electron effective mass in GaAsN/GaAs
modify the type of the light hole band alignment and it is structures but that the very high values exceeding the GaAs
expected to remain type Il. In GaAsN/GaAs quantum wellsheavy hole effective mass and the sharp decrease as the ni-
the valence band offset is due to the tensile strain, with typé&rogen fraction increases above 1% reported by Zhang
I and type Il alignments for the light and heavy hole bands gt al®® are due to an incorrect assignment of the second ob-
respectively. served transition with the third conduction band confined
While a small shift(upward or downwardof the un-  energy level. If we exclude these last results, there is an
strained valence band alignment due to nitrogen incorporaeverall agreement in the literature that the incorporation of a
tion cannot be ruled out, there are many reasons to believeitrogen concentration around 1% in nonintentionally doped
that such a shift, if it occurs, is not large. First and moststructures leads to an increase of the electron effective mass
importantly, nearly all theoretical papers published to datdo a value in the range 0.68).12m, and that the depen-
(see, e.g., Refs. 8—10 and)3nd predict the absence of any dence on the indium concentration is relatively weak; the
significant intrinsic perturbation of the valence band due tovalues obtained in this work are in reasonably good agree-
nitrogen. Second, the regular decrease of the hh—Ih splittingient with those reported by Wet al.*" (m} ~0.11mq with
observed in Fig. 5 as the nitrogen fraction increases strongl§-2%—2.8% N, 0% In Hai etal’® (m}~0.12-0.19m,
suggests that the modification of the valence band is due tith 1.2%-2% N, 0% Ij Hetterich etal® (Am}
strain variation. While these experimental values of the~0.03my with 1.5% N, 38%In and Panetal® (m}
hh—lh splitting could also be reproduced with a calculation~0.075-0.095m, with 0.35%-1% N, 30% In
assuming a decrease of the unstrained band offset in con-
junction with a relatively large increase of the absolute valueCONCLUSION
T;hee\/)shtiaer ﬁ;;g;hmeast;ggfpztsgltﬁfé’ﬁaEnvd“;é) die;ir:a?jbe;cirely It should be stressed that the goal of this article is not to
' present the most precise and definite values of the effective

by stram_ IS a much more S|mple—hence more attrac_tlve—mass or other parameters of this material system for device
explanation in better agreement with theoretical articles

Third, in Fig. 2 the hh—Ih splitting is clearly observed in design. Rather, we sought to: positively identify the optical

: o . . transitions observed experimentally for this material system;

m m 0,
quantg wells with & high indiu frqcﬂon but not in the 5% observe specific trends in the properties of the material sys-
and 0% In spectra, strongly suggesting that the valence baq as the atomic fractions vary; and explain some of the

oifset becomes small as the indium fraction Olecrease%jiscrepancies found in the literature. An optical transition

Fourth, as r?oted n the Introductlon, there are important Q'Séssociated with the second confined conduction band energy
crepancies in the literature concerning the type of band allgnI'evel is observed in structures with and without indium so

ment found experimentally for the GaAsN/GaAs materialy, ¢ the increase of the conduction band effective mass due
system, so that the valence band offset of this heterostructugg a 1% nitrogen fraction is arounsim,~ 0.03m,. The band
.~ 0. .

must be in reality very small. o gap redshift due to nitrogen is found to decrease as the in-
The simple model schematically described in Fig. 6 carj,m composition increases. In compressively strained quan-
also account for the observation of an optical transition in+,m wells the regular decrease of the energy difference be-

volvf|_ng(;f}_ei2 r?nlergy Iev_el even in the absence of a seconqeen the heavy and light hole energy levels as the nitrogen
confined light hole state in GaAsN/GaAs quantum wells. Théq i increases can be explained by the strain variation.
light hole valence band well is very shallow and should have
a single confined energy level located only a few meV beIowllvI Kondow. T. Kitatani. S. Nakatsuka. M.C. L K Nakahara. Y.

. . - . Konaow, |. Kitatanl, . akKatsuka, .C. Larson, . akahara, Y.
.the GaAs barrier. Its parity may be nOt_V_Ve” defined due to Yazawa, M. Okai, and K. Uomi, IEEE J. Sel. Top. Quantum Elect&n.
interface roughness so that a IleP-transition could be ob-  719(1997.
served. Furthermore, there may be more than one heavy hol&see, e.g., J.B. Heux, X. Yang, and W.I. Wang, Appl. Phys. LeR5, 2716
state confined in the GaAs Iayers acting as wide wells. and (1999; V.S. Jalili, P.N. Stavrinou, J.S. Roberts, and G. Parry, Electron.
) . ; Lett. 38, 343(2002.
interwell cogplmg could occur due t_o_ the narrowness of thesy 'y Wolford, J.A. Bradley, K. Fry, and J. Thompsonfhysics of Semi-
GaAsN barriers so that a hh22-transition may be observed.  conductorsedited by D.J. Chadi and W.A. Harris¢8pringer, New York,
Since the two types of transitions cannot be resolved experi; 1984, p.627. o _
mentally, the confined light hole and heavy hole levels might g}eﬁﬁ?ﬁ ‘SV-MW(E;'I‘JS'(‘;?W;E é‘é" }ﬁ?:; III:!’hyEs.EI-QeF\Lalll_ggt 312':2 1?%23 D.J.
be so close to each other tO_ be cor_15|dered for practlcal p.urf’J.D. Perkins, Am. Mascarenhas, Y. Zhang, J.F. Geisz, D.J. Friedman, J.M.
poses merged—as for tensile strained quantum wells with Olson, and S. R. Kurtz, Phys. Rev. Le2, 3312(1999.
other material system%—and the valence band assumed to jC- Skie:’bisgewskiet al, dA|opl- Phys. Lerft-76. 2409(2000. (1999

; ; ‘L _ 'T. Mattila, S.H. Wei, and A. Zunger, Phys. Rev.@8B, R11245(1999.

b.e nea.‘rly flat. If one .ConSIderS for Slmp|ICIty a one 8A. Al-Yacoub and L. Bellaiche, Phys. Rev. &, 10847(2000.
dimensional structure with a completely flat valence bandspr ¢ kent and A. Zunger, Phys. Rev. L&, 2613(2001.

and a conduction band well having two confined states with°P.R.C. Kent and A. Zunger, Phys. Rev.68, 115208(2001).
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