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Temperature dependence and bowing of the bandgap in ZnSe 1ÀxOx
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We investigated the temperature dependence of the bandgap of untreated and hydrogen-irradiated
ZnSe12xOx (x50.23% – 0.90%) alloys by photoluminescence fromT510 K to room temperature.
The variation of the bandgap energy withT is similar to that of ZnSe, and does not depend on the
oxygen concentration. This indicates that oxygen incorporation in ZnSe does not lead to the carrier
localization observed for nitrogen incorporation in GaAs and GaP. Correspondingly, no interaction
between hydrogen and oxygen is observed in hydrogenated ZnSe12xOx . © 2004 American
Institute of Physics.@DOI: 10.1063/1.1719274#
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In semiconductor compounds, the substitution of iso
lent elements having a large electronegativity and size m
match with respect to the replaced atoms leads to str
nonlinear effects in the electronic properties of the host cr
tal. A well-known case is that of nitrogen substituting t
group V atom in GaAs and GaP.1 Indeed, an anomalous gian
decrease in the host band gap with increasing N concen
tion is observed2–5 along with a slowdown in the response
the band gap to hydrostatic pressure2,3,6 and temperature5,7,8

variations. These effects have been rationalized by a b
anticrossing~BAC! between a single N level and the e
tended states of the conduction band~CB! of the host.3 A
more comprehensive theory explains the abovementione
fects by a mixing between localized levels due to N clust
and N perturbed CB states.9 In both models the isoelectroni
impurity induces a real-space localization of the CB sta
On the side of the II–VI compounds, an interesting case
represented by O in ZnSe. Besides its technological
evance, this material system may represent an important
bed for the applicability to other compound families of t
models developed for explaining the properties of III–N–V
alloys. Very recently, ZnSe12xOx alloys having
x5~0.35%–1.3!% have been successfully grown by molec
lar beam epitaxy~MBE! in spite of the limited solubility of
O in II–VI compounds.10 A large band-gap bowing10 and a
reduced pressure coefficient11 have been reported and e
plained successfully in the framework of the BAC model11

The photoluminescence~PL! properties of ZnSe12xOx in the
very dilute limit (x50.001%) were previously described b
Akimoto et al.12 who suggested that the electronic structu
of oxygen in ZnSe differs from that of nitrogen in GaAs a
GaP. In this letter, we report on a PL study of the tempera
dependence of the band gap of ZnSe12xOx epilayers both
untreated and irradiated with atomic hydrogen. Hydrog
does not affect the band gap of ZnSe12xOx contrary to what
was previously observed in InzGa12zAs12yNy ~Ref. 13! and
GaP12yNy .14 Moreover, the temperature dependence of
ZnSe band gap does not depend on O incorporation, u

a!Electronic mail: polimeni@roma1.infn.it
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x50.90%, in contrast with the strong dependence on N c
centration observed in GaAs12yNy and GaP12yNy .5,7,8 A
lack of localization in the band-gap edges of ZnSe12xOx

upon O insertion can account for these differences.
ZnSe12xOx layers were grown at 350 °C by MBE on a

undoped ~001! GaAs substrate~the thickness of the
ZnSe12xOx films ranges from 600 to 700 nm!. A 100-nm-
thick ZnSe buffer layer was grown between the GaAs s
strate and the ZnSe12xOx layers. The oxygen concentratio
is x50.23%, 0.57%, and 0.90%, as determined by x-ray d
fraction. Further details can be found in Ref. 10. All samp
have been hydrogenated at 300 °C by a low-energy ion
~beam energy;100 eV!.13,14 The PL signal was excited by
the 350–360 nm lines of an Ar1 laser, spectrally analyzed b
a single 1 m monochromator and collected by a GaAs ph
tomultiplier.

Figure 1 shows the PL spectra atT510 K of ZnSe12xOx

epilayers (x50.23% and 0.90%! both untreated~dashed
lines! and hydrogenated~continuous lines!. In the untreated
material several recombination bands can be observed. W
increasingx, these bands shift to lower energy in agreem
with the O-induced band-gap reduction report
previously.10,11 The assignment of each band is indicated
the figure and is based on laser power and temperature s
ies not detailed here. D–A indicates a recombination due
donor–acceptor pair, BE indicates a bound exciton recom
nation and the band indicated by LE is due to recombinat
of excitons localized on potential minima induced by co
positional disorder as usually found in semiconduc
alloys.8 Free exciton recombination can be observed
T.50 K once localized excitons are thermally ionized~see
Fig. 2!. Hydrogen irradiation~see continuous lines in Fig. 1!
leads to an apparent passivation of the impurity respons
for the BE recombination band. Due to the strong interact
between N and H in ZnSe,15,16 we argue that the BE ban
originates from nitrogen acceptors. The D–A pair recom
nation is affected by H to a smaller extent, thus indicati
that the acceptor involved in the D–A pair is not nitroge
Most importantly, the band gap of ZnSe12xOx is not influ-
enced by H since the energy position of each band, as we
4 © 2004 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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of the free exciton observed at higherT, does not change
upon H irradiation. This circumstance can be due to the la
ionicity difference between III–V and II–VI compounds
which may render unstable in II–O–VI alloys the H complex
responsible for N passivation in III–N–V systems. Alterna-
tively, a low or null localized character of the states of t

FIG. 1. T510 K photoluminescence~PL! spectra of untreated~dashed lines!
and H-irradiated~continuous lines! ZnSe12xOx havingx50.23 and 0.90%.
H dose is equal to 731018 and 331018 ions/cm2 for x50.23% and 0.90%,
respectively. D–A indicates a donor–acceptor pair recombination, BE
bound exciton recombination, and LE is due to exciton recombination
localization centers due to alloy disorder. Laser power densityPexc

51.5 W/cm2. PL multiplicative factors are indicated.

FIG. 2. Photoluminescence~PL! spectra at different temperatures of
ZnSe12xOx sample havingx50.23% hydrogenated with 731018 ions/cm2.
D–A indicates a donor–acceptor pair recombination, LE and FE are du
localized and free exciton recombination, respectively; laser power den
Pexc53.0 W/cm2; PL multiplicative factors are indicated.
Downloaded 22 Apr 2004 to 141.108.20.53. Redistribution subject to AIP
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conduction and/or valence band edges of ZnSe12xOx can
lead to an ineffective interaction between O and H atoms

The localized character of an interband transition can
inferred by the temperature dependence of its energy. In
ticular, the thermal variation of the band gap,Eg , of a crystal
is given by

dEg

dT
5S ]Eg

]T D
l

1S ]Eg

]T D
el–ph

. ~1!

The first term on the right-hand side of Eq.~1! is due to the
lattice thermal expansion and the second term is due to
electron–phonon interaction. Debye–Waller and self-ene
terms contribute to (]Eg /]T)el–ph and give rise to a shift of
the gap to lower and higher energies, respectively, with
creasing temperature.17,18 Following Ref. 18, a sizable can
cellation of the Debye–Waller and self-energy contributio
occurs for energy levels with wave functions strongly loc
ized in real space. In this limit, neighboring orbitals overl
negligibly and (]Eg /]T)el–ph tends to zero as found in
GaAs12yNy .8,19

We consider theT dependence of the ZnSe12xOx

samples in focus in this study. Figure 2 shows the PL spe
of a hydrogenated ZnSe0.9977O0.0023 sample. AsT increases
the LE band decreases in intensity and shifts rapidly to low
energies due to the preferential ionization of excitons loc
ized on higher energy levels. A new recombination band,
appears at about 50 K and remains up to room tempera
while the D–A recombination quenches forT;150 K. We
attribute the FE band to the exciton recombination from
band gap. The FE band maintains a rather symmetric
shape up to 290 K in agreement with its excitonic nature@the
exciton binding energy in these materials is about 20 m
~Ref. 20!#. Similar findings have been observed for a
ZnSe12xOx samples both untreated and hydrogenated.

The BAC model has been successfully employed to
count for the variation of the band gap withT ~and hydro-
static pressure! in InzGa12zAs12yNy .7,8 In the framework of
the BAC model, the temperature dependence of
ZnSe12xOx band gap is given by

Eg~T!51/2~EO1EZnSe~T!2$@EO2EZnSe~T!#2

14C2x%1/2!. ~2!

EO andEZnSe are the energies of the level of the O isoele
tronic impurity and of the ZnSe band gap, respectively, a
C is a parameter describing the strength of the interac
between the O level and the ZnSe conduction band state

Figure 3 shows the temperature shift of the PL pe
energy of the free exciton band for all O concentrations c
sidered~symbols!. The dashed line is the exciton energy sh
of ZnSe withT as reported in Ref. 20. Finally, the continu
ous lines have been obtained from Eq.~2! usingC51.8 eV
andEO52.90 eV as derived in Ref. 11 by fitting within th
BAC model the hydrostatic pressure dependence of the b
gap in a ZnSe12xOx sample similar to those considered he
EO is assumed to be constant withT, as done in the case o
the N level in GaAs12yNy ~Refs. 7 and 8! and accordingly to
the strong localized character expected for the O state.
markably, theT dependence measured in all ZnSe12xOx

samples does not depend on the O concentration and fol
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very closely the thermal shrinkage expected for the Zn
host, in contrast with the expectations of the BAC mod
This effect has to be attributed to a nearly unchanged va
of (]Eg /]T)el–ph on going from ZnSe to ZnSe12xOx ,
namely the band-gap levels do not show the partial can
lation of the Debye–Waller and self-energy terms expec
for increasingly localized levels.21

We will now discuss some our results. First, we point o
that indications of a low localization degree of th
ZnSe12xOx band extrema are to some extent evident also
the pressure dependence studies performed earlierx
50.85%).11 Indeed, the BAC model used to explain tho
data implies for the O isolated level a pressure coeffici
(]EO/]P)520 meV/GPa, namely, about a factor thr
smaller than that of the ZnSe host~567 meV/GPa!. On the
contrary, for GaAs0.985N0.015, it was found (]EN /]P)515
meV/GPa, that is a factor eight smaller than the press
coefficient of GaAs~5120 meV/GPa!.3 Another important
point is the energy position of the isolated O, which sho
give rise in the BAC model to a level repulsion with the C
states. In the study performed in Ref. 11,EO was set equal to
2.90 eV~about 200 meV above the CB bottom! in order to
reproduce the energy gap dependence on applied pressu
ZnSe0.9915O0.0085. However, from previous PL studies i
ZnSe:O (x50.001%), it was shown that O introduces
shallow acceptorlevel located at about 80 meV above th
top of the ZnSe valence band.12 The position of the O leve
relative to the band edges is clearly a crucial point to und
stand the physical properties of O in ZnSe and other II–
compounds. It might be the case that O occupies differ

FIG. 3. Shift of the band gap of ZnSe12xOx with temperature. All data have
been offset for comparison purposes:~s! x50.23% hydrogenated with 7
31018 ions/cm2, offset by22.638 eV;~h! x50.57% untreated, offset by
22.595 eV;~n! x50.90% hydrogenated with 331018 ions/cm2, offset by
22.581 eV. The dashed line is the energy variation of the exciton en
with temperature as reported in Ref. 20 and offset by22.805 eV. Continu-
ous lines are the expected variation of the band gap of ZnSe12xOx according
to the band anticrossing model offset by22.754 eV (x50.23%), 22.709
eV (x50.57%), and22.675 eV (x50.90%).
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lattice sites~e.g., interstitial versus substitutional! depending
on its concentration. Therefore, new samples spanning th
concentration range from the dilute to the alloy limit shou
be investigated.

In conclusion, O in ZnSe shows several differences
compared to N in GaAs and GaP:~i! H irradiation does not
lead to a band-gap reopening or show clear evidences o
formation of O–H complexes;~ii ! the response of the
ZnSe12xOx to temperature variation is the same of ZnS
independently of the O concentration. These findings po
toward an absence of a localized character in the ZnSe12xOx

band edges.
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