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Reduced temperature dependence of the band gap in GaAs1ÀyNy
investigated with photoluminescence
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The effect of the temperature~T! on the band-gap energy (Eg) of hydrogenated GaAs12yNy /GaAs quantum
wells has been studied by photoluminescence from 10 to 540 K. Nitrogen insertion in GaAs leads to a sizable
decrease ofEg and to a flattening of the band-gap dependence onT with respect to that of bare GaAs. Atomic
hydrogen irradiation passivates nitrogen in GaAs12yNy and leads to an increase ofEg , which is accompanied
by an increase in the thermal shrinkage rate~S! of the band gap. Eventually, a strong correlation betweenSand
the concentration of unpassivated N atoms is found. The wide temperature range investigated and the hydrogen
induced effects permit to claim that the reduced thermal redshift of the gap in N containing samples:~i! cannot
be ascribed to the reduction of the pressure coefficients in Ga~AsN!; ~ii ! can be accounted for, instead, by a
cancellation of the Debye-Waller and self-energy terms in theT dependence of the band gap. The latter effect
is explained in terms of a recently proposed increase in the localized character of the conduction band edge
with increasing N concentration.
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The search for highly efficient light emitters in the 1.3
1.55mm range compatible with the GaAs technology has
to a renewed interest in the physical properties
~InGa!~AsN!/GaAs heterostructures.1 Indeed, nitrogen incor-
poration in~InGa!As results in a giant band-gap bowing
the host lattice for increasing nitrogen concentration.2 Nitro-
gen affects also the dependence of the host lattice band
on external perturbations such as hydrostatic pressure3–7 and
lattice temperature,T.3,8–16 In both cases a strong deviatio
from the behavior found in bare~InGa!As is observed.
Anomalously small pressure coefficients have been m
sured by several authors3–7 and explained in terms of a
localized-delocalized mixed character of the~InGa!~AsN!
conduction band~CB! edge.4,17 The temperature dependen
of the InxGa12xAs12yNy optical gap shows a pronounce
slowing down with respect to that of the N-free material, th
effect being larger forx50 and increasingy.3,8–13 The re-
duction of the thermal redshift of the band gap in~In-
Ga!~AsN! has been ascribed in Ref. 3 to a decrease of
deformation potentials in N containing material or, in Re
10 and 12, it has been explained in the framework of a b
anticrossing model.4 Other authors pointed out the sizab
contribution of localized states to the temperature dep
dence of the photoluminescence~PL! peak energy position
for low T’s.8–10,12–16

Recently, it has been shown that the optical properties
InxGa12xAs12yNy /GaAs quantum wells~QWs! are strongly
affected by H irradiation, which leads to a band-gap blues
of the N containing material.18 Removal of hydrogen from
InxGa12xAs12yNy:H restores the optical gap the samples h
before hydrogenation. Therefore, the direct effects of H
the ~InGa!~AsN! band structure are fully reversible.19 One
may wonder if hydrogen affects to the same extent the
0163-1829/2002/65~23!/235325~5!/$20.00 65 2353
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pendence of the material’s electronic properties on exte
perturbations. To answer this question we have investiga
the temperature dependence of the band gap of hydrogen
GaAs12yNy /GaAs single quantum wells. PL measureme
carried out from 10 to 540 K show that the rate at which t
QW gap redshifts with increasingT can be tuned by pos
growth hydrogen treatments. As in previous reports,3,8–13we
find that the thermal shrinkage rateS of the GaAs12yNy gap
sizably decreases with increasingy. On the contrary, H irra-
diation leads to an increase inS that correlates well with the
amount of electronically active N atoms left in the quantu
well. The wide temperature range investigated and the
served hydrogen effects permit to ascribe the reduced t
perature dependence of the GaAs12yNy band gap mainly to a
change in the electron-phonon coupling.

We have studied two GaAs12yNy /GaAs single QWs~y
50.016 and 0.029! having the same thickness (L59.0 nm)
and grown by solid source molecular beam epitaxy.
samples have a 100 nm thick GaAs capping layer. P
growth treatment with atomic hydrogen was obtained by io
beam irradiation from a Kaufman source with the samp
held at 300 °C. The ion energy was about 100 eV and
current density was of the order of few tens ofmA/cm2.
Several hydrogen doses (dH51016– 1018 ions/cm2) have
been used in this study. Some of the hydrogenated sam
have been annealed for 3 h at 1026 Torr and temperature
Ta5330 °C. PL was excited by the 515 nm line of an Ar1

laser, dispersed by a single 1 m monochromator and detecte
by a liquid nitrogen cooled Ge detector.

The PL spectra of the untreated QWs are shown in Fig
for different temperatures. The PL band below the Ga
band edge is due to carrier recombination in the GaAs12yNy
well. The high material quality as well as the QW desi
©2002 The American Physical Society25-1



ce

er

on
he
w

e
u
is

ap
-
e

tu
ca
at
b
to
g

ing
e
k
nd

.
d

xe
n

at
s

-
er
n

in-

d in
ntial

ac-
l

ly.

ffi-
ably

f a
On

in
,

d-

to
e
w-

and

ive

A. POLIMENI et al. PHYSICAL REVIEW B 65 235325
allow us to measure a PL signal up to temperatures in ex
of 500 K. Carrier thermal escape in they50.016 sample is
higher than in they50.029 sample as shown by the low
signal decrease betweenT510 and 540 K in the latter
sample due to its deeper confining potential. This is c
firmed by the higher contribution to the PL signal from t
GaAs barrier at high temperatures observed in the shallo
QW ~see Fig. 1,y50.016!. For T,200 K, in both samples
the PL lineshape has a characteristic low-energy tail du
localized excitons, as extensively reported in previo
works.8–10,12–16At higher temperatures, the PL lineshape
symmetric and eventually an exponential high-energy tail
pears forT.300 K due to emission from thermally popu
lated delocalized states of the well. Therefore, two regim
should be distinguished when studying the PL tempera
dependence of heterostructures with a high density of lo
ized states, as those investigated here. In the low-temper
range (T,200 K), the band-gap reduction is contrasted
the thermally activated detrapping of localized excitons
ward the conduction band states and the material band
seems to slow down or even blueshift with increas
temperature.8–10,12–16Once all the localized excitons hav
been ionized (T.200 K), theT dependence of the PL pea
position follows closely that found for the gap on the grou
of absorptionlike measurements.12 In this work we will focus
on this high-temperature regime.

The shiftRS of the PL peak position normalized to itsT
510 K value is shown as a function of temperature in Fig
for different y values.20 The y50 data have been measure
in one of the investigated samples. First, we note that at fi
temperatureRS sizably decreases with increasing N conce
tration. We quantify this effect by the thermal shrinkage r
Sof the GaAs12yNy gap. If we disregard localization effect
by measuring the slope ofRS for T>300 K, S is equal to
0.48, 0.37, and 0.32 meV/K fory50, 0.016, and 0.029, re
spectively. In Refs. 10 and 12, the slowing down of the th
mal shrinkage of the~InGa!~AsN! gap has been modeled i

FIG. 1. Peak normalized PL spectra of GaAs12yNy /GaAs quan-
tum wells with y50.016 ~left panel! and 0.029~right panel! re-
corded at different temperatures. Normalization factors are g
for each spectrum. Laser power densityP560 W/cm2.
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terms of a band anticrossing model.4 Therein, the authors
pointed out that an increase iny results in an increasing
localized character of the CB edge and, therefore, in an
creasedT insensitivity of the~InGa!~AsN! gap. In Ref. 3, on
the other hand, the above effects have been explaine
terms of a decrease in the energy gap deformation pote
in the N containing samples.

The temperature dependence of the band gapEg can be
written as

dEg

dT
5S ]Eg

]T D
l

1S ]Eg

]T D
el-ph

, ~1!

where the first and second term on the right-hand side
count for theT variation ofEg caused by the lattice therma
expansion and electron-phonon interaction, respective21

Moreover, (]Eg /]T) l523Ba(]Eg /]P)T , whereB, a, and
P are the crystal bulk modulus, thermal expansion coe
cient, and applied pressure, respectively. One can reason
assume that the elastic and thermal properties~i.e., B anda!
of the host lattice do not change much upon introduction o
small amount of N such as that present in our samples.
the contrary, in the range of pressure of interest to us~ambi-
ent pressure! the pressure coefficient (]Eg /]P)T is about 60
meV/GPa fory50.015– 0.023, that is half the value found
GaAs~110 meV/GPa!.3–5,7 On the ground of Refs. 3 and 22
this reduction of the pressure coefficient found in~In-
Ga!~AsN! accounts for no more than 10–15% of the ban
gap thermal shrinkage. Therefore, the reduction ofRS shown
in Fig. 2, namely, more than 50% on going from GaAs
GaAs0.971N0.029, cannot be accounted for solely by lattic
thermal expansion arguments. We will discuss in the follo
ing the second term in Eq.~1!, (]Eg /]T)el-ph, which deals
with the electron-phonon interaction.

Let us now consider the effect of temperature on the b
gap of hydrogenated GaAs12yNy quantum wells. Figure 3

n FIG. 2. Shift,RS , of the PL peak position normalized to itsT
510 K value vs temperature for different nitrogen concentrationy,
y50 data have been measured in one QW sample.
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shows the PL spectra~solid lines! of the y50.029 QW for
different H irradiation doses. For increasingdH , the well
band gap blueshifts toward the GaAs gap and it pins to
energy about 80 meV below that of the GaAs band gap at
highestdH values. In the samedH range, the PL peak posi
tion of the y50.016 sample pins to about 30 meV abov
that of they50.029 sample~this finding will be discussed
in the following!. Annealing the hydrogenated sample (dH
51018 ions/cm2) at 330 °C for 3 h results in a redshift of th
gap ~dashed line in Fig. 3!. No clear dependence of the P
linewidth on H dose is found, despite H passivates N. T
indicates that the disordered character of the QW potenti
mostly due to interface roughness and alloy disorder, wh
are not affected by hydrogenation. Therefore, insertion~re-
moval! of H leads to a decrease~increase! in the material
effective N concentration, and, in turn, to an increase~de-
crease! in the band gap. On the ground of first-principl
density functional calculations in a supercell approach,
H-induced passivation of N can be attributed to the form
tion of stable N-Hn complexes.23 Indeed, preliminary far-
infrared absorption measurements show that a new N-H l
vibrational mode appears at 3195 cm21 as a result of the
bonds formed by H at its equilibrium position in the lattice23

The observation of this mode has been reported also in
intentionally H-containing Ga~AsN! epilayers24 and ZnSe:N
compounds.25

Figures 4~a! and 4~b! show the shift of the PL peak pos
tion relative toT510 K as a function ofT for different H
doses in the case ofy50.016 and 0.029, respectively. Th
experimentalT variation of the GaAs band gap is shown b
open circles~same data of Fig. 2!. For bothy50.016 and
0.029 samples, hydrogen affects the rate at which
GaAs12yNy gap redshifts. In fact,RS increases with increas
ing H dose and, finally, its temperature dependence
proaches that of the GaAs gap.26 Hydrogen, therefore, deepl
affects the Ga~AsN!/GaAs electronic properties as well a

FIG. 3. Peak normalized PL spectra~solid lines! of the
GaAs0.971N0.029 QW irradiated with different hydrogen dosesdH

(H051016 ions/cm2). Dashed line is a PL spectrum of thedH

5100 H0 sample annealed at 330 °C for 3 h. Normalization fact
are given for each spectrum. Laser power densityP560 W/cm2.
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their change under external perturbations. Moreover, the
moval of H leads to a recovery of the GaAs12yNy thermal
properties, as shown in Fig. 4~b! by the dH51018 ions/cm2

annealed sample~full triangles!. In this case, an intermediat
behavior between the GaAs and the hydrogen f
GaAs0.971N0.029QW is found. Therefore, the shift of the ban
gap with temperature is determined ultimately by theeffec-
tive N concentration in the QW. This latter is given by th
number of N atoms incorporated in the sample minus th
passivated by H irradiation and its value can be estimated
that of the QW band gap atT5300 K, Eg(RT). Figure 5
shows the thermal shrinkage rateSof the gap vsEg(RT) for
two samples with different as grown N concentrations a
post growth treatments. For both samplesS andEg(RT) are
strongly correlated. The two set of data are rigidly shift
along thex axis one respect to the other by about 45 me
This offset can be in large part explained as follows. N
troduction in the GaAs lattice affects the hostEg by two
concomitant effects. The first is the N induced anticrossi
mixing of the states of the host material conduction band
it has been discussed in Refs. 4 and 17. The second, hith
neglected effect is the tensile strain at the GaAs/GaAs12yNy

s

FIG. 4. ~a! Shift, RS , of the PL peak position normalized to it
T510 K value vs temperature for they50.016 sample treated with
different H dosesdH (H051016 ions/cm2). The open circles are the
same GaAs data shown in Fig. 2. Solid lines are linear best fit to
data in theT range from 300 to 540 K.~b! The same as in~a! for the
y50.029 sample. The full triangles refer to thedH5100 H0 sample
annealed at 330 °C for 3 h.
5-3
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interfaces.27 This strain, which increases with the tot
amount of N in the well, should neither affect sizably theT
dependence of the material band gap28 nor change too much
upon H irradiation of the material. Therefore, once all
atoms have been passivated by H, the different GaAs12yNy
QWs are substantially equivalent to GaAs layers under
ferent tensile strains. The tensile strain contribution to
band gap of GaAs12yNy grown on GaAs can be estimate
similarly to what reported for ~InGa!As/~AlGa!As
heterostructures.29 In the present GaAs12yNy /GaAs case, we
use a Vegard’s interpolation between the lattice parame
deformation potentials, and elastic constants of GaAs
cubic GaN.30 We find an energy difference of 37 meV b
tween the band gap of they50.016 andy50.029 samples
due to tensile strain. This value agrees well with the rig
shift of 45 meV exhibited by the data shown in Fig. 5,
well as with the 30 meV difference between the saturat
values withdH of the PL peak of they50.016 and 0.029
samples.

Some conclusions can be drawn on the basis of the
reported effects that H irradiation has on theT dependence o

FIG. 5. Thermal shrinkage rate of the gapS ~measured by the
slope of the PL peak position vsT for T>300 K!, as a function of
the QW band gap atT5300 K, Eg(RT). Different symbols refer to
different y. For each point the hydrogen dosedH (H0

51016 ions/cm2) is indicated. ‘‘un.’’ stands for untreated materia
‘‘ann.’’ stands for hydrogenated sample annealed at 330 °C for
Solid lines are guides to the eye. The horizontal dashed line i
cates theSvalue for bulk GaAs. An estimate of the error bar is al
shown.
.

a

, H
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the GaAs12yNy band gap. Hydrogen affects the electron
but not the lattice properties of GaAs12yNy , at least at a very
first approximation. Therefore, the slowdown of the therm
shrinkage of the GaAs12yNy band gap should be of elec
tronic origin, namely, N~and H! affects the electron-phono
coupling term in Eq.~1!. Debye-Waller and self-energ
terms contribute to (]Eg /]T)el-ph and give rise to a shift of
the gap to lower and higher energies with increasing te
perature, respectively.21,22 Following Ref. 31, a cancellation
of the Debye-Waller and self-energy contributions may ta
place for narrow energy bands such as those of impuri
with wave functions strongly localized in real space. In th
limit, neighboring orbitals overlap negligibly an
(]Eg /]T)el-ph tends to zero.31 In the present case o
GaAs12yNy , the localization degree of the conduction ba
edge has been described by different models. In Ref. 4
band anticrossing between a N induced level and the GaA
CB leads to a free/localized mixed character of the elect
wave function, which accounts for the pressure and temp
ture dependence of the GaAs12yNy band gap.4,11,12 In a re-
cent comprehensive work, Kent and Zunger have estima
the evolution of the electronic structure of GaAs12yNy for
increasingy.17 These authors predict a gradual, sizable d
crease of theG character of the CB edge in Ga~AsN!, which
occurs for concentrationsy50.02– 0.04 because of a mixin
between N cluster localized states and N perturbed cond
tion band states. This evolution is accompanied by an
crease in the electron effective mass and by a lower temp
ture coefficient of Ga~AsN! relative to GaAs, as found in the
present work. Therefore, due to the diminished overlap
tween the electronic wave functions the Debye-Waller a
self-energy terms tend to cancel out in theT dependence of
the GaAs12yNy gap, with an ensuing decrease in the therm
gap shrinkage.

In conclusion, we have measured the photoluminesce
properties of GaAs12yNy /GaAs quantum wells over a wid
temperature range (T510– 540 K) and for different degree
of N passivation by H. This has allowed us to address
mechanism responsible for the slower band-gap reduc
with T usually found in N containing materials. Such mech
nism relies on an increasing localized character of the e
tron wave function for increasing N concentration, whi
leads to a cancellation between the Debye-Waller and s
energy terms in theT dependence of the GaAs12yNy gap.

The authors thank A. Miriametro and L. Ruggieri fo
technical assistance.
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