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Effect of nitrogen on the temperature dependence of the energy gap
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The electronic properties of |Ga _,As; N, /GaAs single quantum wells have been investigated by pho-
toluminescence and photoreflectance spectroscopy as a function of temperature. The introduction of nitrogen
leads to a sizable slow down in the redshift of the ground state recombination energy with temperature. We
explain the observed effects in terms of an anticrossing between states of the conducti¢GR)aedge and
a N-induced localized level resonant with the CB. The extent of this anticrossing, described by the matrix
elementVy,, is derived from the temperature dependence of the exciton recombination energy in a wide
compositional range. The measured functional dependenég@on nitrogen concentration is compared with
results reported in the literature.
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(InGa)(AsN)/GaAs heterostructures are of potential inter-derived for the GaAs N, /GaAs system within a two-band
estin the field of telecommunications, e.g., for the realizationmodel, has been suggested to hold foQe _xAs; Ny, as
of devices emitting at 1.3 and 1.5&m.* Most of the inter- gl 11
esting properties of this system come from the modification  on, the other hand, pseudopotential supercell calculations

of the band structure of thénGa)As alloy due to incorpo-  j, Gaag N, show that nitrogen causes an interaction be-
ration of small amountsa few percentof nitrogen in the . . yar?d L-CB minima. which increases with N
lattice. A dramatic redshift of the host material band gap is '

commonly found;™ as well as a large increase of the elec content® as observed by balistic electron emission
y e ge | spectroscopy and Raman scattering experiméfitsin
tron effective mas8’ These observations have been ac-

counted for by assuming that N gives rise to a leig) GaAs (N, epilayers. Similar effects have been invoked in

localized in real spaceand degenerate with the states of theord(_ar to explain alsp the pressure de.pendence of the photo-
In,Ga,_,As conduction bandCB)—as expected for substi- IumlnesceSnce emission energy in ,@®_,As; N,
tution of As with N atom$ The interaction between the CB epllaye_rs“E

states andEy leads to a band repulsion, which is responsible I this paper, we report on the effect of temperafliren

for the observed band-gap shrinkage, and to an increase i€ PhotoluminescencePL) and photoreflectancéPR) of

the electron effective mass because of the mixed fredNxGa —xAs;_yN,/GaAs single QW's. Structures differing

localized character of the electron wave function. In thefor the indium &=0.25-0.41) and nitrogeny¢0-0.052)
framework of the perturbation theory, this mixing is de- content have been studied. The thermal redshift of the

scribed by the matrix element  Vyy ground-state transition energy has been measured from
= [dk dk’ ¢, (K)U(k,k")en(k"), wheregy, andey are the =10K to room ter.nperatu.re(R'I'). Its investigation in
single-particle states of the conduction band for free angamples with and without nitrogen shows that the thermal
N-localized electrons, respectively, abidk,k’) is the Fou-  redshift sizably decreases with increasingy the interac-
rier transform of the N-impurity potential. As a result, the tion model of Eq.(1) we (i) fully account for the thermal
recombination energy of carriers confined iflaGa(AsN) ~ redshift in all samplesii) provide an estimate of the inter-

quantum well(QW) can be written &s action energyyy between the lfGa _,As CB edge and

the N-localized levelfiii ) find that the strength of the inter-
hv=1/2{Ex+Ey—[(En—Ew)2+4V3, 143, (1)  action potential decreases at high-indium content (

=0.25-0.41), thus suggesting short-range order effects in

where Ey, is the energy of theInGa)(AsN) unperturbed  In,Ga _xAs;_,N, alloys***’

conduction sub-band. An estimate\¢f;y has been obtained We have investigated a number of,@Ge _,As; N,/

by pressure-dependent photoreflectance measurémems  GaAs single QW’s grown by solid source molecular beam

by optical absorption spectroscofyThe functional depen- epitaxy with indium (nitrogen concentrationsx=0.25 (y

dence ofVyy, Ey, @andEy on the nitrogen concentration, =0.011), x=0.32 (y=0.027), x=0.38 (y=0.042, 0.052),
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is a simulation of the PR spectrum by the model of Ref. 24. Vertical
250K x170 arrows indicate the energies of the hediH) and light(LH) hole
203 K exciton as determined by the simulation procedure. For PL spec-
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ized fluctuations in the potential energy and to capture cen-
ters for excitons. For increasirig) the PL peak energy blue-

FIG. 1. (a) Peak-normalized photoluminescence PL spectra of £Nifts due to carrier filling of LE states. Finally, at high
sample havingx=0.38, y=0.052, andL=8.2nm for different ~POWer a new component adds to the spectrum on the high-
laser-power densitiesP,=2.5mWi/cnf). Normalization factors €nergy side, which we attribute to free exciton recombination
are given for each spectrurtb) PL spectra recorded at different in the InGa _,As; (N, quantum well. A similar behavior
temperatures for a same level of laser-power densify ( has been observed in all samples containing nitrogen. The
=30 Wi/cnt). Normalization factors are given for each spectrum. presence of localized excitons can be inferred also from the

temperature dependence of the PL spectra shown in Fig.
and x=0.41 (y=0.022,0.031). The N concentration has 1(b). In fact, the blueshift of the PL peak energy observed as
been determined by a combined analysis of x-ray diffractionl increases up to 75 K should be attributed to a progressive
and optical data. For each subset of quantum wells havingarrier detrapping from LE states. However, we find that in
the same indium content and well width but differing for ~ low-N samples ¥y<0.042)LE states contribute sizably to PL
the nitrogen concentration, a reference sample without nitrospectra at low temperature onlf¥ €60 K).
gen(blank has been growrl. ranges from 6.0 to 8.2 nm. All Figure 2 shows the Pldotted ling and PR(full dots)
samples have a 100-nm-thick GaAs-capping layer. PL waspectra at 90 K for a sample with high-N content (
excited by the 515-nm line of an Arlaser, dispersed by a =0.042). The continuous line is a simulation of the PR data
2 -m double or a 1-m single monochromator, and detected bipased on the model of Ref. 24. In PR, two transitions are
an (InGaAs photodiode or a cooled Ge detector. PR mea-observed and attributed to heavy#H) and light-(LH) hole
surements were performed at near normal incidence in thexcitons. The energy differenc®E between the PL peak
temperature range from=90K to RT. The probe source and the HH free exciton energy determined by PR is 27
was a 100-W-halogen lamp, the excitation source was aeV, thus indicating a sizable contribution of LE states to
He-Ne laser(power 2 mW chopped at 220 Hz. the PL spectrum. This energy offset reduces to 16 meV for

Figure Xa) shows PL spectra a&t=10K as a function of T>200K. In other samples with medium-nitrogen content
the laser poweP for the QW with the highest nitrogen con- (y=0.027),AE is smaller(see inset in Fig. Band the tem-
tent (x=0.38,y=0.052, andL=8.2nn). At low P, the PL  perature dependence of the transition energy as measured by
line shape is asymmetric, with a low-energy tail of localized-PL and PR is the same over all the comniorange. This is
exciton(LE) states. This tail is present in othénGa)(AsN) shown in Fig. 3 by the full squarg®L data and dots(PR
QW'’s and epilayers'®-2%and in a large number of semicon- data. In the same figure, the temperature dependence of the
ductor alloys?>?2The complexes giving rise to the LE states exciton energy as measured by PR in the N-free blank is also
are likely due to In-N clusters, as proposed ftnGaN/  shown by open dot&he data of the blank have been offset
GaN QWs (Ref. 23 and for (InGa(AsN)/GaAs hetero- by —0.165 eV for ease of comparison with the N-containing
structures:?° N clusters, indeed, give rise to spatially local- samplé. The rate of thermal redshift of the exciton transition

Energy (eV)
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FIG. 4. Interaction potentiaVyy, vs the N-induced band gap
FIG. 3. Dependence on temperature of the transition energy fofedshift Ry at RT (full dots). Data reported in the literature are
a sample having=0.32,y=0.027, and.=6.0 nm as measured by shown by open symbol§l, Ref. 2;V, Ref. 9;8, Ref. 10;A, Ref.
photoluminescence P{ull square$ and photoreflectance P@ull 29; O, Ref. 30; O, Ref. 31. Inset: Dependence W, on N con-
dots. The transition energy of the corresponding blank as measuregentration for the samples studied in this paper. The dashed line is
by PR is shown by open dots. The continuous line is the best fit of fit of V,y=Cy Y to the data Cyy=1.7 €V).
the interaction model to the data, as discussed in the[sed Eq.

(2)]. Dotted lines are a guide to the eye. Inset:(Bashed lingand
PR (open doty spectra of the same sample at room temperaturetends to lower the ground-state energy and to reduce the

Vertical arrows indicate the energies of the heafiyH) and light- thermal shift ofhup, thus qualitatively accoqnting for the
(LH) hole exciton as determined by the simulation procedure oIrEdulced temperature dependence found (I|m1Ga)(A§N)
Ref. 24 (continuous ling QW’s. The dependences &%, Ey,, andV,,y on the nitro-

gen content of the well should be duly taken into account.
Since Ey and Ey;, are not directly accessible by experi-

energy is slower in thg=0.027 QW than in the blank. In ments, we use the dependences on N content calculated in

general, a decrease of the thermal redshift with increaging . .
is found in all investigated sampldsot shown hereand Ref. 11 for GaAg_ /N, /GaAs(all quantities are measured in

also observed in othéinGa)(AsN) based sample?®2° e\o/)_: namely, Ev(y) = E¢—1.55 and En(y) = EN—2.5%.

We now discuss in more detail the thermal properties offc IS the minimum of the conduction-band energy of the host
the N-containing QWSs. In the framework of the interaction Matrix without N. Ex=(1.675eV) is the energy of an
model? N gives rise to a localized level. The enerfy of  isolated-N staté® All energy levels are measured with re-
this level should not vary much wifR, as observed for deep Spect to the valence band maximum. We B}T) equal to
center$® and strongly confining nanostructurgdn turn, the  the T dependence of the exciton recombination energy ex-
electronic level resulting from the interaction betweleg  perimentally determined in the QWithout nitrogen and
and the CB edge bears part of tAeinsensitivity of Ey.  useVyy as a free parameter in the best fit of E2). to the
Therefore, the temperature dependence of the exciton recorgxperimental dependence of the exciton energy on tempera-
bination energy may provide a simple experimental tool forture in N-containing QW’s. This dependence is measured by
estimating the interaction matrix elemery;y , which deter-  the PL peak energy provided that localization effects can be
mines the degree of mixing between N-localized and CBdisregardedPR data have been used whenever this does not
extended states. This simple approach is alternative to theappei.
use of optical measurements in epilayers at very high The continuous line in Fig. 3 shows a best fit of E2).to
pressuré® and optical absorption in a free-standing the data of they=0.027 QW {yy=0.282eV). The devia-
sample® By assuming thaE,, is temperature independent, tion of the theoretical data from the experimental points ob-

we can rewrite Eq(1) and obtain the variation of the exciton Served forT<100K is due to an increasing contribution of
energy at different’s: localized excitons to the low-temperature PL spectra. The

same fitting procedure has been successfully applied to all

hp(T)= U2 En+En(T)—[[Ex—En(T)]2+4VZ, 142 samples considered in this work, thus providigy values
for different In and/or N concentrations.
2) It should be noticed thdt-L intermixing effects in the CB

In the limit of Vyyy=0 (i.e., y=0), Eq. (2) gives the tem- induced by nitrogetf'® cannot account for the observed
perature dependence of the recombination energy of N-freeemperature dependence of tleGa)(AsN) band gap. In
QW'’s. For increasiny/yn (ory), the term in square brackets fact, the L minimum of the CB redshifts with increasing
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temperature faster than theminimum does® Therefore, a  smaller than in GéAsN) (Ref. 16 (also predicted for II-VI
level resulting from the mixing of" and L states should quaternary alloys in Ref. 32

exhibit a larger redshift than al” state alone, contrary to In conclusion, the influence of nitrogen on the band struc-
what is observed. ture of single IRGa;_,As; _yN, QW'’s with high x (0.25-

All values of V\y obtained by fitting Eq(2) to the ex-  0.41) has been investigated by studying the temperature de-
perimentalhvp(T)’s have been plotted in Fig. 4 VBy,  pendence of the PL and PR line shape and peak position. At
namely, the energy difference at RT betwdens in N'fzrggo low temperature T<60K), the PL spectra are mainly due to
and N-containing samples. Data from the literatdré? " recombination of excitons localized most likely in In-N clus-

are also shown, as well as those obtained by a recepf s A comparison of the thermal properties of QW’s with

analysis' of the temperature dependence of the band gap iRnq \without nitrogen has been performed in the framework
GaAs N, epilayers. The agreement between estimates ok the pand-anticrossing model. This provides an estimate of
Vun obtained by different techniques in samples with differ-ia interaction energy,,y between the states of the unper-
ent indium concentrations is rather good. This indicates thaf,;peq cB edge and a localized level introduced by nitrogen.
Ry andVy,y are correlated since they are a different Measurgsy comparing the dependence \8f, ony found here with

of the same effect, i.e., the interaction of nitrogen with theprevious findings in InGa, As, N, epilayers with zero or
CB states of thdInGa)As host lattice. The inset in Fig. 4 |o indium content k=0.08), we pyrovide an experimental

shows theVy values for our samplesx=0.25-0.41) as & g pnort to short-range ordering effects recently predicted to
function of the N concentration. The dashed line is a fit Oftake place in(InGa)(AsN).

Vun=CunVY to the data. The best fit value @,y is 1.7

eV quite smaller than the valu¢2.3-2.7 eV found in (In- The authors thank F. Martelli, K. Kim, and A. Zunger for
Ga)(AsN) samples with indium concentration varying be- stimulating discussions and A. Miriametro for technical as-
tween 0 and 0.08%1%2°-31Thjs finding is consistent with sistance. The authors thank K. Kim and A. Zunger also for
theoretical predictions of atomic ordering effetts/ which  disclosure of theoretical results on short-range order effects
lead to a N-induced band gap lowering (INGa(AsN) in (InGa(AsN).
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