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Reduced temperature dependence of the band gap in Gaps/N,
investigated with photoluminescence
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The effect of the temperatuf&) on the band-gap energ¥§) of hydrogenated GaAs N, /GaAs quantum
wells has been studied by photoluminescence from 10 to 540 K. Nitrogen insertion in GaAs leads to a sizable
decrease oEg4 and to a flattening of the band-gap dependencg with respect to that of bare GaAs. Atomic
hydrogen irradiation passivates nitrogen in GaA®, and leads to an increase Bf;, which is accompanied
by an increase in the thermal shrinkage @eof the band gap. Eventually, a strong correlation betw&and
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 samgkesnot
be ascribed to the reduction of the pressure coefficients {\€\; (ii) can be accounted for, instead, by a
cancellation of the Debye-Waller and self-energy terms inTtldependence 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— pendence of the material’s electronic properties on external
1.55 um range compatible with the GaAs technology has ledperturbations. To answer this question we have investigated
to a renewed interest in the physical properties ofthe temperature dependence of the band gap of hydrogenated
(InGa)(AsN)/GaAs heterostructurésndeed, nitrogen incor- GaAs _ N, /GaAs single quantum wells. PL measurements
poration in(InGaAs results in a giant band-gap bowing of carried out from 10 to 540 K show that the rate at which the
the host lattice for increasing nitrogen concentrafidfitro- QW gap redshifts with increasin@ can be tuned by post
gen affects also the dependence of the host lattice band gapowth hydrogen treatments. As in previous repdfts->we
on external perturbations such as hydrostatic predstaed  find that the thermal shrinkage ra$eof the GaAs_,N, gap
lattice temperatureT.>#~®In both cases a strong deviation sizably decreases with increasipgOn the contrary, H irra-
from the behavior found in barélnGaAs is observed. diation leads to an increase 8that correlates well with the
Anomalously small pressure coefficients have been meaamount of electronically active N atoms left in the quantum
sured by several authdr and explained in terms of a well. The wide temperature range investigated and the ob-
localized-delocalized mixed character of thi@Ga)(AsN) served hydrogen effects permit to ascribe the reduced tem-
conduction bandCB) edge™*’ The temperature dependence perature dependence of the GaAgN, band gap mainly to a
of the InGa ,As, N, optical gap shows a pronounced change in the electron-phonon coupling.
slowing down with respect to that of the N-free material, this  We have studied two GaAs,N,/GaAs single QWgy
effect being larger fox=0 and increasing.>®~**The re- =0.016 and 0.029having the same thickness € 9.0 nm)
duction of the thermal redshift of the band gap (im- and grown by solid source molecular beam epitaxy. All
Ga)(AsN) has been ascribed in Ref. 3 to a decrease of theamples have a 100 nm thick GaAs capping layer. Post
deformation potentials in N containing material or, in Refs.growth treatment with atomic hydrogen was obtained by ion-
10 and 12, it has been explained in the framework of a bantheam irradiation from a Kaufman source with the samples
anticrossing modél.Other authors pointed out the sizable held at 300 °C. The ion energy was about 100 eV and the
contribution of localized states to the temperature depeneurrent density was of the order of few tens @A/cm?.
dence of the photoluminescen@@L) peak energy position Several hydrogen dosesd,{=10'-10"®ions/cnf) have
for low T's.8-10.12-16 been used in this study. Some of the hydrogenated samples

Recently, it has been shown that the optical properties ohave been annealedrf@ h at 10°® Torr and temperature
In,Ga _,As; _,N,/GaAs quantum wellsQWs) are strongly  T,=330°C. PL was excited by the 515 nm line of an*Ar
affected by H irradiation, which leads to a band-gap blueshiftaser, dispersed by a simgl m monochromator and detected
of the N containing materidf Removal of hydrogen from by a liquid nitrogen cooled Ge detector.

In,Ga, _,As, _ N,:H restores the optical gap the samples had The PL spectra of the untreated QWs are shown in Fig. 1
before hydrogenation. Therefore, the direct effects of H orfor different temperatures. The PL band below the GaAs
the (InGa)(AsN) band structure are fully reversibt2.One  band edge is due to carrier recombination in the G

may wonder if hydrogen affects to the same extent the dewell. The high material quality as well as the QW design
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FIG. 1. Peak normalized PL spectra of GaAsN, /GaAs quan- T (K)

tum wells with y=0.016 (left pane} and 0.029(right pane] re-
corded at different temperatures. Normalization factors are given FIG. 2. Shift,Rs, of the PL peak position normalized to its
for each spectrum. Laser power density- 60 W/cnt. =10 K value vs temperature for different nitrogen concentragion

. . g/zo data have been measured in one QW sample.
allow us to measure a PL signal up to temperatures in excess

of 500 K. Carrier thermal escape in tye=0.016 sample is  terms of a band anticrossing modeTherein, the authors
higher than in they=0.029 sample as shown by the lower pginted out that an increase inresults in an increasing
signal decrease betweeh=10 and 540 K in the latter |ocalized character of the CB edge and, therefore, in an in-
sample due to its deeper confining potential. This is congreasedr insensitivity of the(InGa)(AsN) gap. In Ref. 3, on
firmed by the higher contribution to the PL signal from the the other hand, the above effects have been explained in
GaAs barrier at high temperatures observed in the shallowgerms of a decrease in the energy gap deformation potential
QW (See Flg l,y:OOlG For T<200 K, in both Samples in the N Containing Samp|es_
the PL lineshape has a characteristic low-energy tail due to The temperature dependence of the band Bagan be
localized excitons, as extensively reported in previouSyritten as
works8-1912-16at higher temperatures, the PL lineshape is
symmetric and eventually an exponential high-energy tail ap- dEg (ﬂEg>
|

pears forT>300 K due to emission from thermally popu- aT \aT
lated delocalized states of the well. Therefore, two regimes
should be distinguished when studying the PL temperaturgshere the first and second term on the right-hand side ac-
dependence of heterostructures with a high density of localeount for theT variation of E4 caused by the lattice thermal
ized states, as those investigated here. In the low-temperatuegpansion and electron-phonon interaction, respectively.
range T<200 K), the band-gap reduction is contrasted byMoreover, ¢E,/dT),=—3Ba(dE4/JP)y, whereB, a, and
the thermally activated detrapping of localized excitons to-P are the crystal bulk modulus, thermal expansion coeffi-
ward the conduction band states and the material band gagent, and applied pressure, respectively. One can reasonably
seems to slow down or even blueshift with increasingassume that the elastic and thermal propefiies, B and «)
temperaturé-1012-1®Once all the localized excitons have of the host lattice do not change much upon introduction of a
been ionized T>200 K), theT dependence of the PL peak small amount of N such as that present in our samples. On
position follows closely that found for the gap on the groundthe contrary, in the range of pressure of interest téansbi-
of absorptionlike measuremeritsin this work we will focus ~ ent pressurethe pressure coefficienty/dP)+ is about 60
on this high-temperature regime. meV/GPa fory=0.015-0.023, that is half the value found in
The shiftRg of the PL peak position normalized to its ~ GaAs(110 meV/GPa*>"On the ground of Refs. 3 and 22,
=10 K value is shown as a function of temperature in Fig. 2this reduction of the pressure coefficient found (im-
for differenty values?® They=0 data have been measured Ga(AsN) accounts for no more than 10-15% of the band-
in one of the investigated samples. First, we note that at fixedap thermal shrinkage. Therefore, the reductioRgshown
temperatureRg sizably decreases with increasing N concen-in Fig. 2, namely, more than 50% on going from GaAs to
tration. We quantify this effect by the thermal shrinkage rateGaAg ¢7:Ng.029, Cannot be accounted for solely by lattice
Sof the GaAs_,N, gap. If we disregard localization effects thermal expansion arguments. We will discuss in the follow-
by measuring the slope d®s for T=300K, Sis equal to ing the second term in Eql), (JE4/dT)ep.pn, Which deals
0.48, 0.37, and 0.32 meV/K for=0, 0.016, and 0.029, re- with the electron-phonon interaction.
spectively. In Refs. 10 and 12, the slowing down of the ther- Let us now consider the effect of temperature on the band
mal shrinkage of théinGa)(AsN) gap has been modeled in gap of hydrogenated Gafs N, quantum wells. Figure 3
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FIG. 3. Peak normalized PL spectr@olid lineg of the 100 °
GaAg g71Np.029 QW irradiated with different hydrogen dosel )

(Ho=10" ions/cnt). Dashed line is a PL spectrum of thu,

=100 H, sample annealed at 330 °C for 3 h. Normalization factors -150 +
are given for each spectrum. Laser power denBity60 W/cn?. ® d4-=0

® 4 =10H \
shows the PL spectrésolid line9 of the y=0.029 QW for 2000 ol (ann. 330 °C)
different H irradiation doses. For increasiny,, the well H o
band gap blueshifts toward the GaAs gap and it pins to an -250 ° r70Galy ‘ '
energy about 80 meV below that of the GaAs band gap at the 0 200 400 600
highestd,, values. In the samd,, range, the PL peak posi- T (K)

tion of they=0.016 sample pins to about 30 meV above  FG. 4. (a) Shift, Rs, of the PL peak position normalized to its
that of they=0.029 sample(this finding will be discussed T=10K value vs temperature for tlye=0.016 sample treated with

in the following. Annealing the hydrogenated samplé,( different H dosesl, (Ho=10'® ions/cnt). The open circles are the
=10 jons/cnf) at 330 °C for 3 h results in a redshift of the same GaAs data shown in Fig. 2. Solid lines are linear best fit to the
gap (dashed line in Fig. 8 No clear dependence of the PL data in theT range from 300 to 540 Kb) The same as ife) for the
linewidth on H dose is found, despite H passivates N. Thigy=0.029 sample. The full triangles refer to thg= 100 H, sample
indicates that the disordered character of the QW potential ignnealed at 330 °C for 3 h.

mostly due to interface roughness and alloy disorder, which

are not affected by hydrogenation. Therefore, inserti@d  hejr change under external perturbations. Moreover, the re-
mova!) of H leads to a decreas(mcreasé in the material  \5\a1 of H leads to a recovery of the GaAgN, thermal
effective N concentration, and, in turn, to an increéde- properties, as shown in Fig(B by the dy,=10' ions/cn?

creasg in the band gap. On the ground of first-principles annealed sampl@ull triangles. In this case, an intermediate

density functional calculations in a supercell approach, th .
H-induced passivation of N can be attributed to the forma%zrfwor’\l betwe\i/n_ ]Ehe dG_?ﬁ‘ S ? nd t;[]he h?/d;czﬁer:o frdee
tion of stable N-H complexes® Indeed, preliminary far- %.97N0.020 QW is found. Therefore, the shift of the ban

infrared absorption measurements show that a new N-H loc&)2P With temperature is determined ultimately by #itec-
vibrational mode appears at 3195 chas a result of the tive N concentrauon_ln the QW. Thls latter is given by the
bonds formed by H at its equilibrium position in the lattfide. humber of N atoms incorporated in the sample minus those
The observation of this mode has been reported also in urRassivated by H irradiation and its value can be estimated by
intentionally H-containing G@sN) epilayeré* and ZnSe:N  that of the QW band gap at=300 K, E4(RT). Figure 5
compoundg® shows the thermal shrinkage ré@@f the gap veEy(RT) for
Figures 4a) and 4b) show the shift of the PL peak posi- two samples with different as grown N concentrations and
tion relative toT=10K as a function ofT for different H  post growth treatments. For both samp8and E4(RT) are
doses in the case of=0.016 and 0.029, respectively. The strongly correlated. The two set of data are rigidly shifted
experimentall variation of the GaAs band gap is shown by along thex axis one respect to the other by about 45 meV.
open circles(same data of Fig.)2 For bothy=0.016 and This offset can be in large part explained as follows. N in-
0.029 samples, hydrogen affects the rate at which thé&roduction in the GaAs lattice affects the hdsf by two
GaAs _yN, gap redshifts. In factRs increases with increas- concomitant effects. The first is the N induced anticrossing/
ing H dose and, finally, its temperature dependence apmixing of the states of the host material conduction band as
proaches that of the GaAs g&bHydrogen, therefore, deeply it has been discussed in Refs. 4 and 17. The second, hitherto
affects the GEAsN)/GaAs electronic properties as well as neglected effect is the tensile strain at the GaAs/Gaid,
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—0—}=0.dz9 the GaAs_,N, band gap. Hydrogen affects the electronic
—— y=0.016 but not the lattice properties of GaAsN,, at least at a very
- 10 H 15 first approximation. Therefore, the slowdown of the thermal
------- GaAs -0 P ) shrinkage of the GaAs N, band gap should be of elec-
tronic origin, namely, Nland H affects the electron-phonon
coupling term in Eq.(1). Debye-Waller and self-energy
terms contribute todEy/dT)e.pn and give rise to a shift of
the gap to lower and higher energies with increasing tem-
perature, respectivefy:?? Following Ref. 31, a cancellation
of the Debye-Waller and self-energy contributions may take
un. place for narrow energy bands such as those of impurities
with wave functions strongly localized in real space. In this
3t ‘ . limit, neighboring orbitals overlap negligibly and
1.05 1.15 1.25 (dEg/dT)epn tends to zerd! In the present case of
E (RT) (eV) GaAs _yN,, the localization degree of the conduction band
edge has been described by different models. In Ref. 4, a
FIG. 5. Thermal shrinkage rate of the g8dmeasured by the band anticrossing betweea N induced level and the GaAs
slope of the PL peak position vEfor T=300 K), as a function of CB leads to a free/localized mixed character of the electron
the QW band gap af =300 K, E4(RT). Different symbols refer to  wave function, which accounts for the pressure and tempera-
different y. For each point the hydrogen dosdy (Ho  ture dependence of the GaAsgN, band gag:'*?In a re-
=10 ions/cn?) is indicated. “un.” stands for untreated material; cent comprehensive work, Kent and Zunger have estimated
“ann.” stands for hydrogenated sample annealed at 330 °C for 3 hthe evolution of the electronic structure of GaAgN, for
Solid lines are guides to the eye. The horizontal dashed line indi-mcreasim_w_17 These authors predict a gradual, sizable de-
cates theSvalue for bulk GaAs. An estimate of the error bar is also ~ragse of thd” character of the CB edge in GesN), which
shown. occurs for concentrations=0.02—0.04 because of a mixing
) ) ) ) ] ) between N cluster localized states and N perturbed conduc-
interfaces’’ This strain, which increases with the total tion pand states. This evolution is accompanied by an in-
amount of N in the well, should neither affect sizably the ¢rease in the electron effective mass and by a lower tempera-
dependence of the material band §apor change too much re coefficient of GeAsN) relative to GaAs, as found in the
upon H irradiation of the material. Therefore, once all N present work. Therefore, due to the diminished overlap be-
atoms have been passivated by H, the different Gafd,  tween the electronic wave functions the Debye-Waller and
QWs are substantially equivalent to GaAs layers under d'fself-energy terms tend to cancel out in fhelependence of
ferent tensile strains. The tensile strain contribution to thgpe GaAs_ N, gap, with an ensuing decrease in the thermal
band gap of GaAs yN, grown on GaAs can be estimated gap shrinke{gé.
similarly to what reported for (InGaAs/(AlGa)As In conclusion, we have measured the photoluminescence
heterostructure®’ In the present GaAs (N, /GaAs case, we properties of GaAs ,N,/GaAs quantum wells over a wide
use a Vegard’s interpolation between the lattice parametergsmperature rangeT 10—540 K) and for different degrees
deformation potentials, and elastic constants of GaAs angs | passivation by H. This has allowed us to address the
cubic GaN™® We find an energy difference of 37 meV be- mechanism responsible for the slower band-gap reduction
tween the band gap of the=0.016 andy=0.029 samples ith T usually found in N containing materials. Such mecha-
due to tensile strain. This value agrees well with the rigidnism relies on an increasing localized character of the elec-
shift of 45 meV exhibited by the data shown in Fig. 5, astron wave function for increasing N concentration, which
well as with the 30 meV difference between the saturationesds to a cancellation between the Debye-Waller and self-

samples.

Some conclusions can be drawn on the basis of the here The authors thank A. Miriametro and L. Ruggieri for
reported effects that H irradiation has on thdependence of technical assistance.
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