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We have carried out comprehensive studies of the nitrogen-induced modifications of the electronic structure
of In,Ga, _,As; N, alloys. Temperature- and composition-dependent optical absorption spectra have been
measured on free-standing layers ofGa, _,As; N, thin films lattice matched to GaAs with<Ox=3y
=<0.025 in the photon energy range 0.8—2.5 eV. The measurements provided information on the optical
transitions at thd™ point of the Brillouin zone. Spectroscopic ellipsometry measurements performed in a wide
photon energy range 1.5-5.5 eV have been used to determine the energy dependence of the dielectric function
as well as energies &;, E;, andE, critical point transitions. Measurements of the plasma edge frequency for
samples with different electron concentrations have been used to determine the dispersion relation for the
lowest conduction band. The results show a large effect of nitrogen on the optical spectra and on the dispersion
relations for the conduction band states close tdthmint. They can be consistently explained in terms of the
recently proposed band anticrossing model. On the other hand, the observed small effect of N on the transition
energies at the high-energy critical points can be well understood within a virtual crystal approximation. The
insensitivity of the high-energy critical point transitions to the N content is in disagreement with the theoretical
calculations predicting a large effect of N incorporation on the energiésasfdL conduction band minima.

DOI: 10.1103/PhysRevB.65.035207 PACS nunt®er71.20.Nr, 78.20.Ci

. INTRODUCTION E, andE;+ A, transitions at critical points along tHe di-
rection of the Brillouin zone have shown that alloying of
It has been shown recently that incorporation of smallggas with GaN leads to a line broadening but has a very
amounts of nitrogen into standard group -V compoundssmal| effect on the transition enerdf{:*® Over the last sev-
leads to a large band gap reduction in the resultingral years a significant effort has been made to understand
lIN,V;_ alloys. Band gap reductions as large as 0.18 e\the physical origin of the unusually large effects of N on the
have been observed in GaAsN, with only 1% of N'*™*  electronic structure of llIl)V,_, alloys. To explain the large
Similar effects were also observed in GaNPInNP/®  band reduction in GaNAs, Sakat al*° have used the phe-
GaNSbAs’ and InNSh(Ref. 10 alloys. Since addition of In  nomenological dielectric model originally proposed by Van
or Sh to GaNAs, _, compensates the N-induced contractionVechten and Bergstress@rThe model predicts very large
of the lattice parameter and further reduces the band gap, it isand gap bowing in all 1INV, _, alloys and was later used
possible to grow lpGa_N,As; , or GaNShAs, , by many workers to interpret the band gap reductions in a
guaternaries that are lattice matched to GaAs or InP and hawariety of semiconductor alloy systems. However, it has been
energy gaps in the 1.3 to 1.55m spectral range. For ex- found that at higher N compositions the band gap reductions
ample, InGa_ N,As; , with y=3x is lattice matched to predicted by the dielectric model were much larger than
GaAs. These discoveries generated considerable interest atitbse observed experimentally. The early attempts to use
opened an interesting possibility of using group WWN_,  first-principles, supercell calculations encountered a difficult
alloys for a variety of optoelectronic applicatiols!®So far, ~ problem as these methods could only consider ordered
most of the investigations of InGaAsN alloys have been fo-alloys??:??Also, because of the limited size of the supercell,
cused on the optical transitions at the energies close to thbe calculations were limited to a few discrete compositions
fundamental band gap. Measurements of the higher-energyith rather large N content and could not be verified experi-
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mentally. Still based on such first-principles supercell calcu-
lations Wei and Zungérwere able to explain the large,
N-induced gap reduction in Gaps,N, alloys in terms of a
composition-dependent bowing parameter. They argued that
the bowing parameter could be decomposed into three differ-

1.5
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ent contributions: volume deformation, charge exchange, and > -
structural relaxation. Random alloys were theoretically 2 1ol E : E

treated by Bellaichet al?® using the empirical psuedopoten- & Y 4 ; EVB: E

tial method. The authors found that for GaAgN, with x 5 os] 112! i S E—E.
=<0.05 about 20% of the total band gap reduction originates 5 i E P 4:E—E,
from the upward shift of the valence band edge. New chal- 0.0 it ! B

lenges for band structure theories have been posed by a se- “lE C

ries of recent high-hydrostatic-pressure experiments. A N
greatly reduced and strongly nonlinear pressure dependence '0'8_00 0.05 0.10 0.15
of the fundamental band gap has been measured in InGaAsN k (2m/a)

alloys?*~%% Also, an additional N-related optical transition
E. was discovered in these allo§3?’ To explain these new g, 1. Conduction band spliting and dispersion in
experiments a theoretical model has been proposed that dgz, ,dn, ./AsyeNoo; according to the band anticrossing model
scribes the electronic structures of InGaAsN alloys in termgrom Refs. 25 and 28. Arrows indicate different optical transitions.
of an anticrossing interaction between the locali2gdsym-
metry state of nitrogen and the extended conduction banflitrogen into GaAs breaks the symmetry leading to a split-
states of the semiconductor matfd®*® The significant, ting of the degeneratX and L minima and an interaction
practical advantage of the band anticros(iB§C) model is  petween electronic states ¥f L, andI" minima. The calcu-
that it provides simple analytic expressions for the conductations of the conduction band structure based on the local
tion band dispersion. The formula for the lower and up-  density approximations(LDAs) performed by several
perE. conduction subband is given by groups gave quantitatively different results and faced the dif-
ficult problem of a unique identification of the origin Bf,
1 5 > transitions. Calculations of Jones al?® question the exis-
E.(k)=3[(Em(k)+En) = V(Em(K)— En)*+4xCiypl, tence of such transitions whereas Mattitaal *° attribute the
) E. edge to a convolution of optical transitions to three
widely energetically spread levels in the conduction band.
where Ey(k) is the energy of the conduction band of the The most recent calculatiottshave identified and calculated
semiconductor matrixEy is the energy position of the the pressure dependence of the levels responsible fdt the
nitrogen-related level withA; symmetry,x is the nitrogen transitions in GalgAsyg7. Unfortunately, these calcula-
molar fraction, andC, is the hybridization matrix element. tions cannot be compared with experiment as the existing
Later O'Reilly and Lindsay have proposed a modified ver-experimental results on the pressure dependence of the inter-
sion of the band anticrossing model that includes an interadsand optical transitions are limited to samples with lower N
tion of the conduction and valence bands within thp  content® An entirely different interpretation of the effect of
approximatior?® It should be noted that the dispersion rela-N on the band gap of InGaAsN alloys has been recently
tions given by Eq(1) are analogous to those obtained within proposed by Al-Yacoub and Bellaich®Using a supercell
a coherent potential approximatiqg€PA) for a system of pseudopotential technique the authors find that in the case of
randomly distributed impurities interacting with a delocal- random InGaAsN alloys the dominant contribution to the
ized band®* Based on the dispersion relations given by Eq.downward shift of the conduction bari€B) edge originates
(1) and shown in Figl a number of new effects including an from the first-order term in the perturbation of themini-
enhancement of the electron effective mfassid improved mum states by the potential of the substitutional N. The role
donor activation efficiency in InGaNAs alloy’shave been of the coupling betweef’, X, andL states which played a
predicted and experimentally confirmed. Also the BAC primary role in the LDA-based theories is found to be only
model accounted very well for the pressure dependence a@ff secondary importance in these new calculations. Finally,
the interband transitions in GaNRef. 349 andA; compo-  Zhanget al*! have proposed that the band gap reduction in
sition dependence of the, andE_ transitions in AlIGaNAs  GaNAs alloys can be explained by a broadening and down-
alloys!® It has been shown, most recently, that the BACward shift of interacting N-related levels in a manner similar
model also applies to Zp¥e, , and ZnSgTe, , a new  to the commonly observed band gap narrowing in heavily
class of highly mismatched group II-VI semiconductor alloysdoped semiconductors. In order to test some of the predic-
that exhibit large band gap bowing parameters and stronglsions of these different theoretical models we have carried
nonlinear pressure dependence of the bandgapresponse  out a comprehensive study of the electronic structure of In-
to the new experimental developments alternative interpretaGaNAs alloys. One of the major differences between the
tions of the composition and/or pressure dependence of tHBAC model and the LDA-based calculations is the extent to
band gap of InGaNAs have been put forward by several rewhich the higher-energy conduction band minima are af-
search group&3®~38t has been argued that incorporation of fected by the substitutional N atoms. We use optical absorp-
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tion and ellipsometry to determine the interband optical tran- 8x10*
sitions in a wide photon energy range 0.8-5.5 eV. The - T=300K
energy-dependent electron effective mass is derived from g 6x10%" E Eg+ASO
measurement of the plasma frequency+type samples with - s Ago l g
the electron concentration ranging fromx10'’ cm 2 to 2 410l “
2x 10 cm 3. The experimental results are compared with &
the predictions of the different theoretical models. L 5v10't
< GaAs
II. SAMPLE PREPARATION . 0 ' ' '
- T=300K
The InGa _yAs; «N, samples used in this study were g 6x10°t
grown by either metal-organic-vapor-deposititdOCVD) =z
or molecular beam epitaxyMBE). The thin films were 2 a0l
closely lattice matched to GaAs substrates by maintaining o
the In to N composition ratiy=3x. Details of the crystal 3 ox10°k
growth are given elsewhef&?*In order to measure the ab- 2 In_ Ga. As N
sorption coefficient in a wide photon energy range we have 0-04~ "0.96° "0.99 0.01

12 14 16 1.8 20 2.2
Energy (eV)

grown a specially designed structure that allowed separation ?.0
of the layer from the substrate. The InGaAsN samples grown
on a semi-insulating GaAs substrate consists typically of a
0.1-um-thick GaAs buffer followed by a 2100-nm-thick FIG. 2. Absorption of free-standing GaAs and InGaAsN layers.
GaAsP(or AIGaAs) etch stop layer and then by a 12m-  Positions of the energy gay, Eq+Ag, for GaAs andE_, E_
thick In,Ga, _,As; 4Ny layer. The etching procedure used to +4so. E. for InGaAs are indicated by the arrows.
remove the substrate and to secure the thin InGaAsN layers
by sapphire or glass is described in Refs. 42 and 43. Both thgansitions from the spin-orbit split-off band to the lower
glass and sapphire substrates are well transparent in the spgonduction subband at 1.55 eV and from the top of the va-
tral range of 0.8—-2.5 eV, where the transmission experimentience band to the upper subband at 1.85 eV are identified as
were performed. The spectroscopic ellipsometry measureE_+ A, and E, , respectively. All those transitions are
ments were carried out on the same layers, but without reschematically depicted in Fig. 1 within the framework of the
moving the substrates. The electron effective mass was d8BAC model. We will discuss in the next paragraph in detail
termined from infrared reflectivity experiments on 1+3n-  the N alloy dependences of these transitions—together with
thick MOCVD-grown InGa, _yAs; N, layers deposited on higher-energy optical transitions. As is seen in Fig. 2 we
semi-insulating GaAs. The layers were doped with Se an@bserved a significant reduction of the absorption coefficient
had electron concentrations ranging from 10t cm 3 to  «(E) at the absorption edge of InGaAsN related&o in
2Xx 10 cm™3. The layer thickness for all samples was de-comparison to GaAs. The absorption coefficient of about
termined by scanning electron microscopy. The electron cor.4x10* cm™* is reduced to 1.X10° cm™ ! in
centration was determined from Hall effect measurements. Ing 0/Gay 962Sp.9dNo.01- This reduction of the value of can
be understood within the framework of the BAC model. The
anticrossing interaction admixes localized N-like wave func-
tion to the lowest conduction band edge states. The localized
state component is only very weakly optically coupled to the
We have measured the interband optical absorption of fivealence band states, resulting in a reduced absorption coeffi-
free-standing samples of J&a ,As; N, with O<x  cient. We have calculated(E) for InGaAsN layer using the
<0.025 and B<y=<0.09 in the photon energy range 0.8—2.2 approach described earlférwhere our preliminary results
eV. The absorption coefficients measured on free-standingbtained at room-temperatur@RT) absorption were dis-
GaAs and 1§ 0Ga 96ASo. 0N o1 layers are compared in Fig. cussed. Since the simple BAC model does not account for
2. We find that the fundamental absorption edge shifts totemperature broadening effects, we compare now its predic-
wards lower energies: the arrows in Fig. 2 indicate the bandons with data taken at low temperature where such effects
gap of GaAsE,, and of InGaNAsE_ . The higher energy can be neglected. The dots in Fig. 3 represent the experimen-
transition from the spin-orbit split-off valence band to thetally determineda(E) measured af=10 K in an MBE-
CB, denoted af,+ A, andE_+Ag,, are also shown in  grown Iny 0/Gay 96ASo oo 01 layer. The solid line represents
Fig. 2. An additional absorption edge, denoted by, is  calculations based on the BAC model wily=1.65 eV
clearly observed. The onset of the absorption edgeEfor andCyy=2.7 eV. The model quite well describes the spec-
+Ag, and E, was determined by the intersection of the tral dependence of the absorption coefficient in the wide pho-
extrapolated linear part of the absorption coefficient specton energy range. The discrepancies between the experimen-
trum with the base line of the absorption indicated by thetal data and theoretical calculations evident for the photon
dashed lines in Fig. 2. We attribute the additional structure irenergies close to th&,gz—E, transitions underscore the
the absorption edge of InGaAsN to a splitting of the conducneed for a more accurate description of the optical coupling
tion band. New absorption edges associated with opticamnatrix element for the higher-energy transitions. More detalil

[II. INTERBAND ABSORPTION OF FREE-STANDING
EPITAXIAL LAYERS
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FIG. 3. Absorption spectrum of Ggdng oASo.odNo o1 layer at - % by T
T=10 K (points and calculation based on the band anticrossing g e e,
model (according to Ref. 42 Points show the experimental data. ch ’
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The calculated curves show contributions from the transitions be- 1.20
tween three valence bands and two conduction subbands.

measurements of the temperature dependence of the absorp- Temperature (K)
tion coefficient close to th& and E, absorption edges
were performed on free-standing MBE- and MOCVD-grown
layers. To analyze the change of the interband absorptio
edges with temperature we have plotted, in Figs) 4nd
4(b), «®(E) as functions of the photon energy at the energie
close to theE_ andE, transitions. As can be seen in Fig.
4(b), the squared absorption coefficieat§ E) show a linear
dependence on the photon energy, indicating that direct o
tical transitions are responsible for thke absorption edge.
The extrapolation of the linear part ef(E) to zero for the
E_ transitions in Fig. 4a) or to a constant offset value for
E. transitions in Fig. &) allows a determination of the

FIG. 5. Optical transition& _ (squaresandE, (dot9 obtained
om absorption experiments on free-standing MBB and
OCVD (b) layers. Dashed lines: calculations according to the

BAC model with Ey constant. Solid lines: BAC model witky
%emperature-dependedEN/dT=70.25 meV/K.

onset energies of the absorption edges for these two types of
Rransitions. Temperature dependences offheandE . en-

ergy edges for MBE and MOCVD layers are given in Fig. 5.
In agreement with previously reported restfitwe find that

in InGaAsN alloys thée _ energy exhibits a weaker tempera-
ture dependence than that observed in the N-free InGaAs
matrix. Surprisingly thé&e, shows a somewhat stronger tem-

g/ perature dependence thEn . The temperature dependence
ol 1" /41-',,, of the E_ and E, transitions can be useful for testing
8x10 7 | InGaAsN band structure models as was done before for other
. semiconductor® In general, the temperature change of the
WE 2x10° E | energy gap in the linear approximation is defined by the fol-
N; - lowing equatlon:AEg(T)_=DgaTT—_,Be_p_hT, where Dy is
1x10° 1 the energy gap deformation potential; is the volume ex-
(a) pansion %(zﬂficient, andBepn is the electron-phonon
0 , , interaction”™"> Dy is a product of the pressure coefficient of
1.20 1.25 1.30 the energy gap and bulk modulus. The pressure coefficients
Energy (eV) of E_ andE, for the Iny g/Ga 96ASy.9dNo.01 S@Mple we have
G A N T F L measured in transmission experiments in a diamond anvil
| oot oo S0 oo,y’ ;.»",3;-/’; | cell: dE_/dp=80 meV/GPa andlE, /dp=25 meV/GPa,
180T 98K S YV IE which is consistent with the data obtained in the photoreflec-
2 - 240K 7 tivity experiments in Ref. 25. This giveB =—-6 eV for
D 1.6X109_i: 138§ _ E_andDy=-1.8 eV forE, . We use value of bulk modu-
5 5 - 90K E lus of GaAs, since In and N mole fractions are small. As was
"5 6 - 50K * pointed out in Ref. 24 the reduction of the temperature de-
1ax1o’}’ 1O 1 pendence of th& _ in InGaAsN in comparison to GaAs can
(b) be associated solely with the reduction of the deformation
175 180 185 190 potential(for GaAs,Dq is —7 eV). We find, however, that to

explain theE . (T) dependence also a change of the electron-
phonon interaction part is necessary. Keepthg,, constant
FIG. 4. Temperature dependence of the square of the absorptid@r both transitions less pronounced change& ofT) than
coefficient, «?(E), for the E_ (a) and theE_. (b) transitions, re- E_(T) are expected in the framework with this approach.
spectively. According to the BAC model the change in the position of

Energy (eV)
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the E, transition should closely follow the temperature de-
pendence of the N-related states. This means that the ob- 6»—&/ GaAs
served change of tHe, energy with temperature reflects the O
temperature dependence ¢&f;(N). We have calculated
E_(T) and E (T) using Eq.(1) of the BAC model and
assuming linear dependence of the N-relatdgd state,
En(T)=1.68 eV+ayT. The temperature dependence of the
InGaAs host matrix E(T) can be determined using the
well-known Varshni function Ey(T)=Ey'®***~a(T?% 8
+T) or the Bose-Einstein expressioky(T)=Ey ®*A°
—a/[e”T—1] whereEy'®***is the band edge energy at
=0 K, ais the electron average phonon coupling constant,
and @ is the average phonon temperatfit@he temperature FIG. 6. Band structure of GaAs showing the main interband
dependence of the InGaAs host matrix was assumed thaitical point transitions, after Ref 51.
same as for GaAs since the In mole fraction is small. In our
fittings we used the Varshni function with GaAs paraméfers tion e has been determined from the measured ellipsometric
@=5.408<10"* eV/K, =204 K (both Varshni and angles¥ and A. The complex reflectance ratio can be
Bose-Einstein relations describe well the temperature depemxpressed in terms of the ellipsometric angiesand A,
dence of GaAs The band edge of InGaAs at=0 K was
calculated  with  formula Ey'®**%=1512-1.33% Mo .
+0.2%2 (eV) wherex is the In content! The dotted and p=—=tan¥e'’, 2

. ! r
solid lines in Figs. ) and 3b) were obtained foray=0 N
and ay=-0.25 meV/K, respectively. A constant, wherer,andr are the reflection coefficients for light polar-
temperature-independent value of the hybridization constarited parallel and perpendicular to the plane of incidence,
Cun=2.7 eV was assumed in the calculation. These resulteespectively. This can be converted into the pseudodielectric
appear to indicate a relatively strong temperature dependenéanction €* within the two-phase modéhir/substrate
of the N-level energy. They should be treated cautiously,
however, since we have ignored the band edge broadening (1-p)?
effects that are definitely more important in InGaAsN than in €* =sin(0) +sinf(0)tarf(0) 5
InGaAs ternaries. From absorption experiments we were also (1+p)

ablg to plgtermine the temperature depen_dence of the Spirf"he details of the derivation af* can be found in Ref. 48.
orbit splitting Ao which is almost constant in InGaAsN and The pseudodielectric function contains information about

equal to 0.34 eV. the dielectric function of(a) the GaAs substrate(b) the
InGaAsN layer, andc) the oxide cap layer. The thickness of
the oxide layers in our samples has been determined by com-
paring our results obtained on a GaAs reference layer with
the literature daf where the oxide layer was removed from
The results of the absorption measurements on the freéhe sample. We have found that there was a 30-A-thick oxide
standing layers show a large effect of N incorporation on thdayer on our GaAs reference sample and we have assumed
optical transition close the lowest minimum of the conduc-the same oxide thickness to be present on the InGaAsN
tion band. All the effects can be well explained by the BACfilms. The value of the bulk dielectric functioa has been
model. However, as has been mentioned in the Introductiothen obtained by numerically removing the effects of the
some of the theories of the electronic structure of InGaAsN30-A-thick oxide layer from the data. The presence of the
alloys claim that the presence of N in InGaAsN leads to aoxide layer mainly changes the intensity of the high-energy
strong coupling of the electronic states Bf X, and L  transitions arouncE and E, CP’s. Since the penetration
minima. To test the predictions of these theories we use spedepth of light at the CP photon energies is less than 500 A
troscopic ellipsometrySE) to determine the energies of the and since the thickness of the InGaNAs films is larger than
optical transitions aE,, E;+ A4, E}, andE, in strain-free 1000 A any effects of the sublayer part of the structurgon
InyGa; _,As; 4N, films (y=3x). The locations of the criti- can be safely ignored. The real and imaginary parts of the
cal point (CP) transitions corresponding to different van bulk dielectric functione of GaAs and of three InGaNAs
Hove singularities in the case of GaAs are schematicallysamples are shown in Fig. 7. It is seen that with increasing N
shown in Fig. 6. The SE measurements were performed withontent, theE; andE; + A, structures around 2.9-3 eV
an automatic and commercially available spectroscopic ellipare smeared out due to a disorder in the quaternary com-
someter using a photoelastic modulator. The sampling dispounds as observed previously for CdHdRef. 49 and for
tance was 10 meV in the photon energy range of 1.5-5.5 e\AlGalnP (Ref. 50. The broadening is much less pronounced
All the spectra were taken at an angle of inciden®e,of  for the E; andE, CP’s around 4.5 and 4.9 eV. In order to
70.4°. We used the same samples as for transmission experesolve the spectroscopic features close to the CP’s, we have
ments but without the etching procedure. The dielectric funchumerically calculated the second derivative of the experi-

Energy (eV)

U,K

()

IV. DIELECTRIC FUNCTION
AND THE CRITICAL POINT TRANSITIONS
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FIG. 7. Real €) and imaginary §) parts of the dielectric
function in InGa _,As, 4N, alloys after numerical removal of the
influence from the oxide layera, GaAs; b, x=0.004, y=0.07;
¢, x=0.0164,y=0.05; d, x=0.0247,y=0.08. The curve®, c,
andd are shifted by 5, 10, and 15, respectively.

mental complex dielectric function with respect to energy.

The results are fitted with?e/ JE? given by the expressions

072&' ; . -2
E:—n(n—l)Ae'(/’(E—ECP+|FCP)” for n#0
(4a)
and
(926 f . -2
Eer"ﬁ(E—Ecp—HFcp) for n=0.  (4b)

The only free parameters in the fitting procedure Wegg
andEcp. The exponenh and the phase anglg were cho-

sen using arguments of Ref. 51. If the conduction and va-

lence bands are strictly parallel, tlg and E;+ A transi-
tions are two-dimensional2D) CP’s with n=0. The
corresponding phase angle at RT#&. It should be empha-

sized, however, that, as has been shown in Ref. 51, fitting of

the E; transition with an excitonic line shap&€ —1) re-

sults only in minor changes less than 10 meV in the reso-
nance energies of the critical points. Therefore we adopted
this procedure also for fitting spectra in the samples with the

N content up to 2.5% and we determikep at theE;, E;
+Aq, Ej, andE, transitions with then and ¢ parameters of

GaAs and InGaAsN. Figure 8 shows an example of the sec-

ond derivative of the imaginary part ef The dots show our
experimental results while the solid lines are the fitting

PHYSICAL REVIEW B 65 035207

[ InO.OSGa0.95A30.984N0.01 6

100

3 4
Energy (eV)

FIG. 8. Second derivative of the imaginary part of the dielectric
function for GaAs and InGaAsN layers, respectively. The appropri-
ate critical points transitions are indicated by arrows. Dots: experi-
mental data. Solid lines: fits according to the critical point analysis.

experimental results on the interband optical transitions ob-
tained from the optical absorption and SE measurements are
combined in Fig. 9. The figure shows all optical transition at
the energy range 0.8 eV up to 5.5 eV as functions of N
content in InGaAsN. The error in determination of the tran-
sition energies is=10 meV for E, and E_ transitions:
+25 meV for theE; and E;+A; transitions and about
+40 meV for theEy andE, transitions. The results in Fig.

5.0

4.5

1 1 1

00 05 1.0 15 20 25 3.0
Nitrogen content, x (%)

curves. The arrows indicate the various transitions. In order FIG. 9. Composition dependence Bf , E_+A, andE.,
to determine the transition energies more carefully we fittedransitions measured in transmission &d E;+A,, E{, E, ob-

both the real and imaginary parts eindependently. All our

tained from spectroscopic ellipsometry.

035207-6



BAND STRUCTURE AND OPTICAL PROPERTIES P. . . PHYSICAL REVIEW B 65 035207

9 show a dramatic difference in the N-composition depen- 0.4 ‘
dence of the low-energ¥_ and E, transitions at the” :
point compared with the higher-energy critical point transi-
tions. TheE_ andE, transitions show a very strong, non-
linear dependence on the N content. This dependence can be
well explained by the BAC model. The solid lines show the
calculated dependences far. and E, using Eq.(1) with
Ey=1.65 eV andCyy=2.7 eV®?8The dashed line repre-
sents the behavior of the_ + A4, transition calculated also
within the BAC model assuming a constant N-independent
spin-orbit splittingA;,=0.34 eV. A good agreement with Energy (cm”)
the experiment indicates that at these low compositions al-
loying of InGaAs with N has a negligible effect on the va-
lence band structure. In strong contrast to the behavi&r of
and E, absorption edges, the higher-enefgy, E;+ A,

Ey, andE, transitions show a very weak linear dependencgyinges using the layer thickness measured in scanning tun-
on the N content. This behavior can be well understoothejing microscopySEM) and the high-frequency dielectric
within a virtual crystal approximation that accounts for the .gnstant of GaAse=10.9. This indicates that in the energy
small gradual shift of the transition energy with the N CON-range of 1000-4000 cnt the dielectric function is not af-
tent. The linear extrapolations of the energies of heand  focteq by the small amount of N and In in our samples. The

E, transitions agree reasonably WeI_I_With_the epergies Oblasma frequency,, is determined by the effective mass at
about 6 eV predicted for both transitions in cubic G&N. the Fermi level and the electron densiy, .5 The well

Also the energy positions of the valence bands seem to bg,qwn expression fow, yields
unchanged—the values of the,, and A; remain constant P

Ga _In_As N

0.97 003 0.99° "0.01

o
w
T

n=9.710"cm”
©,=720 cm”

Reflectivity (arb. units)
o o
N [N

experiment

0 1x10° 2x10° 3x10° 4x10°

FIG. 10. Reflectivity spectrum in infrared for an
INg oGy 9ASy odNp.01 SAMple. Solid line: experimental data. Dotted
line: result of fitting.

with the N content and are equal to the 0.34 eV and 0.25 eV Ne(Ke)€e?
respectively. Maxpt Ke) = ———, ()
W, EQ€c
V. CONDUCTION BAND DISPERSION wheree is the electron charge, is the electron concentra-

ion, €, is the high-frequency dielectric constant, aqdis
he wave vector at the Fermi surface. For an isotropic con-
duction bandkg is related to the electron, concentration

One of the most striking features of the conduction ban
structure predicted by the BAC model is, as shown in Fig. 1
distinct flattening in thee _(k) dependence for the electron ; 13m0
energies approachingy. To test this prediction we have tr:rough th(?frelat'om]‘*(kF)_kF/ﬁw .The.dependengs of the
measured the electron effective mass versus energy ﬁ]ectngoar; ‘:ASCt;\Qe m:a?ripcl)gs tiseshFc;?/;rrTn“inwlfi“g;e 1\1€Al?s,romthe
INg 048G & 9 ASy 9o 01 SamMples. The alloy composition of the |, '0.032.97120.9970.01 ; ) C o ’ .
samples was kept constant to avoid variations of the effectivﬁ:erature d?ta on the eff_'fe dCt'Ve masls n Ga,lAs are fpre?elr&te_d n
mass with the N content. The Fermi energy of electrons ha e samef |gLrJ]re. V¥fe Ind a very a_rge,ha mcr)]st (_)lur Od |an
been varied with doping. Samples doped with Se had th rease of the efective massn t eg eayéy 1Ope
electron concentration in the rangex10L'—2x 101 cm3,  No.0d5@ 97AS0. odNo o1 Sample withne=2x 10°° cm . This

Infrared reflectivity has been used to measure the plasm_(:\:\an be compared with a slight increase of the effective mass

edge frequency and the Hall effect has been used to detel GaAs. The small increase can be understood in terms of

mine the electron concentration. The effective mass of moth€ k- P interaction between thEs conduction band antig
bile electrons is defined as valence band. With the experimentally determm@pt(kp)

! = % dEdili K) . (5) 030 o IGno.%Gao.wASo.ggNom
* [ |
mi(k) Ak L 025) ans |
If the m* (k) dependence is known from an experiment, the é o0l T=300K |
E(k) dependence can be derived by the numerical integra- o
H >
tion T 0.15 i
ﬂ_J
kX Woo10 1
E(k)=f ——dx+E(k=0) (6)
0 m*(x) 0.05 ' : : :
) ) 0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10’
whereE(k=0) is the energy gap as obtained, e.g., from the Wavevector, k_(cm™)
' OF

absorption experiments. An example of reflectivity data is

shown in Fig. 10. We analyze this spectrum using the Drude FIG. 11. The effective massi,, vs Fermi wave vector for
model for the dielectric function to determine the plasmain, ,Ga, gASy odNog o1 (dots (this work) and for GaAgsquares(af-
frequencyw,. We were able to reproduce the reflectivity ter Ref. 46.
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T 1.90 [ T T T Ii T T T ]
E+ m e
Noor | 185} 1
G2, 75??9-9 """ i — . i. E’
> 180F s 1...- .
2 . B . o.-7 A
T 3 175 EL K 0_,.-""--.- L]
_ § . E-éz{%’ﬁ'é
] w 1.70 E=E 126V
T=300K !
1 2 1 L 1 165 i ‘—| EN 1 1 1 1 1 1 ]
0.0 5.0x10°  1.0x10° 1.5x10° 2.0x10’ 00 05 10 15 20 25 3.0 35 4.0
Wavevector, k (cm™) Nitrogen Composition, x (%)
FIG. 12. Experimental DOS calculated framf, (k) solid line FIG. 13. The energy dependence of the : dots (this work),
(integra). Dotted line for GaAs, parabolic model; dotted line for squaregafter Ref. 16, andE} =E,—1.2 eV, circles(this work),
INg 046G & 97AS0 oNo 01, BAC model. open squaresafter Ref. 16, open diamondgafter Ref. 17, and

open trianglegafter Ref. 18.
ot (4} depandence for the loweet conducion band CASES S hal 11y n N,V alloys is about o orders
The results are shown in Fig. 12. For the absorption edgeQf magnitude larger than a typical hybridization constant in
E(k=0) we have adopted the well-known value of 1.42 evheavy-fermion systems. The main objective of the existing
for GaAs(Ref. 46 and used the measured value of 1.24 evtheoretical calculations based on the empirical pseudopoten-
for undoped 1§ 4G a0 AS oNo.01- The solid lines in Fig. 12 tial and/or local density approximation was to reproduce the
represent theE(k) dispersions deduced from, (k) experimentally observed N-induced band gap reduction in

1,22,36-38 :
whereas the dotted lines are the results of calculations, FGPCaASN alloys™ #2207 None of these calculations was
GaAs a parabolic conduction band with a constant effectivéPle o convmc]ngly identify t.he energy Ieyel respon3|blg for
mass m* =0.065n, has been assumed. THKk) depen- the E. absorption edge.' As is seen in Figb¥ E, transi- '
dence in 15 odGay 0ASo ogNo o1 Was calculated using Eql) tions correspond to a single, very-well-resolved absorption

and the previously determined parametggs=1.65 eV and edge. This edge certainly could not be a “convolution” of
Cun=2.7 eV.We find excellent agreement between eXperi_several different optical transitions as proposed in Ref. 36.

mentally determined and theoretically calculated dispersiong—0 further compare the LDA-based theories with the_expen—
for the lower conduction subband inglgGas sASe.sNo o1 ment we use the most recent, large-scale calculations that

The fact that this very good agreement has been achievefggver the N composition range relevant to the experimént.

with an independently determined set of parameters provide e calculations were able to account for the downwarq shift
a strong endorsement for the BAC model. of the fundamental band edge. Among the calculated higher-

energy levels, shown in Fig. 3 of Ref. 381(2) is theonly
level that has a large enough component of thewave
V1. DISCUSSION function to be considered a candidate for the final state of the

We have shown in the preceding sections that all our exE+ transitions. However, the calculated energy of this level
perimental results are well explained by the BAC model ofiS constant in the composition range up 1.6%. This is in clear
the electronic structure of 11}V, semiconductor alloys. disagreement with the experiment where, as is shown in Fig.
The model is in many respects similar to the “many- 9 the E+_ _edge exhibits a Iarge_upward shlﬁ in the same N
impurity” Anderson model that has been used to consider th€°0MpPOsition range. The proximity of theminimum energy
electronic structure of a system of randomly distributed im-{0 theEy level has led to suggestions that the optical transi-
purities interacting with extended barid$? The many- tions to N—pert_urbed_ minimum s_tates a_re_responS|bIe_for
impurity model is an extension of the well-known periodic the E. absorption edge. To investigate this in more detail we
Anderson modéP that has been widely used to calculate thePlot in Fig. 13 the energfe] =E; —1.2 eV which is the;
electronic structure of heavy-fermion metals. In the many-<ritical point energy measured from the top of the valence
impurity model the randomness in the impurity distribution band at thd™ point. AlthoughE? is not exactly the energy of
is typically treated within the CPA. The approximation re- the L minimum but rather the energy of the conduction band
stores the periodicity of the system and the wave vector as @n aL direction at theE; CP, its change with N content
quantum number, greatly simplifying the theoretical treat-should reflect the magnitude of the shift of theminimum
ment of the electronic structure of such random systems. Thenergy as well. Thée, edge energy as function of the N
price of this simplification is a level broadening resulting composition is also shown in this figure. It is clearly seen
from the finite lifetimes of the electronic states. It should bethatE} shows a much weaker N dependence tBan sug-
emphasized that in both periodic and many-impurity modegesting a much different composition dependence for the fi-
the dispersion relationg(k) are exactly the same as in Eq. nal states foE; andE , optical transitions. This result elimi-
(1) derived within the BAC mode(see, e.g., Refs. 31 and nates the possibility that tHeminimum could be a final state
56). An important quantitative difference between those twofor E, transitions. Among all the theoretical models of the
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electronic structure of IlIlV,_,, the BAC model provides N-independent value of the spin-orbit splitting. An analysis
the most simple analytic method to calculate the conductio®f the experimental data showed that the N-induced effects
band dispersion that can be compared with the experimentafin be well accounted for by the BAC model describing the
data. In fact, so far there has been no attempt within the LDAonduction band structure in terms of hybridization between
approach to calculate thg(k) dependence in InGaAsN al- highly localizedA; states of N and the extended states of the
loys. It has been argued only that the experimentally obhost semiconductor matrix. Using the previously determined
served large increase of the electron effective mass can beybridization paramete€,;y the BAC model could account
qualitatively understood by an admixture of the heavy-masg$or the composition and temperature dependence of the op-
L andX minimum states to the lowest conduction band mini-tical transitions. It also provided an accurate description of
mum atl". the experimentally determined dispersi@ (k) for the
lower conduction subband.

VIl. SUMMARY AND CONCLUSIONS

Our experimental results show that incorporation of a few
percent of N into InGaAs to form InGaAsN alloys leads to a
drastic modification of the conduction band density of states This work was supported by the Polish KBN Grant No. 5
close to thel' band edge. The conduction band is split into PO3B 057 20, the Austrian Bundesministerium RBildung,
two subbands with highly nonparabolic dispersions. In conWissenschaft und Kultur, Vienna, and itsAD branch, and
trast the energies of the higher-lyihgand X minima are not  the Gesellschaft fur Mikroelektronik, Vienna. The work at
significantly affected by these small amounts of nitrogenBerkeley Lab was supported by “Photovoltaic Materials Fo-
The variation of the energies df and X minima with N cus Area” in the DOE Center of Excellence for the Synthesis
content can be well understood within the virtual crystal ap-and Processing of Advanced Materials, Office of Science,
proximation for InGaAsN alloys. The results also show thatOffice of Basic Energy Sciences, Division of Materials Sci-
incorporation of N does not have any significant effect on theences of the U.S. Department of Energy under Contract No.
valence band structure as exemplified by a constanDE-AC03-76SF00098.
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