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Abstract. Recombination processes in GaAsN, GalnAsN, and GaAsSbN compounds have been analysed
and compared. The following properties like: broad photoluminescence band at energy of ~ 0.85 eV, an
emission band aproximately 80 meV below band gap energy, and annealing-induced blue shift of the energy
gap have been found for all three compounds. In order to explain these features a simple band gap diagram
with N defect-related levels close to conduction band edge and fluctuations in the energy of the conduction

band minimum has been proposed.

PACS. 78.55.Cr III-V semiconductors — 71.35.Cc Intrinsic properties of excitons; optical absorption
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Nitrogen containing III-V alloys have recently be-
come a subject of considerable interest due to their
unusual physical properties [1-10] and a promise for long-
wavelength optoelectronic devices [11,12]. Unlike conven-
tional ITI-V compounds where the band gap energies of
host binary or ternary compounds (with a small quadratic
correction or bowing parameter), I1I-V-N alloys exhibit
very strongly non-linear variation. For example, an ad-
dition of 1% of nitrogen to GaAs leads to a decrease
in band gap energy from 1.42 to 1.25 eV at room tem-
perature, although the GaN band gap energy is much
higher (~ 3.2 €V in the qubic structure). A theoretical
model based on a band anticrossing (BAC) interaction
between the highly localised nitrogen-derived states and
the zone-center (I" point) conduction band Bloch states
has been constructed and used to explain the band-gap
behaviour [1]. The model was then improved by includ-
ing the X and L coupling [5]. However, more sophisti-
cated calculations have shown that the band structure
is more complicated [6-10]. It includes two types of elec-
tronic states in the nitride compound. First, the perturbed
host states represent mixing of the I'-X-Li and other con-
duction states by the nitrogen-induced perturbation. Sec-
ond, cluster states are formed by single nitrogen atoms,
nitrogen pairs or trimers, that are randomly created in
the bulk during growth. The localised energy levels, due
to a presence of nitrogen pairs or other atomic clusters,
are formed around the conduction band edge either in
the gap or in the continuum. Some of the unusual optical
properties of the compounds could be due to a hybridisa-
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tion of the conduction band minimum with these localised
states [8]. In this paper we have proposed a simple band
gap diagram which takes into consideration these theo-
retical results and explains experimental facts observed in
optical spectra.

The samples were grown by molecular beam epi-
taxy on semi insulating GaAs substrates. They con-
sist of a 120 nm thick GaAs buffer layer followed by
100 nm thick GraASO,98].\1()‘027 Ga0,951n0‘05A50‘98N0,02 and
GaAsg.905bg.0sNo.o2 layers and capped by 20 nm of GaAs.
Further details of the growth process are described else-
where [13]. The annealing process was conducted at 750 °C
for 10 minutes. We carefully analysed the structural prop-
erties of the samples, comparing their characteristics be-
fore and after annealing. High resolution X-ray diffrac-
tion did not reveal any change of the average composition
of these three samples. In addition, transmission electron
microscopy did not show significant alloy fluctuation, sug-
gesting that composition uniformity was not affected by
annealing. We therefore consider that the compound con-
tent is the same before and after annealing. Moreover, it
is to be noted that the transition energies are not sensitive
to eventual interdiffusion at the interfaces, since the layers
are thick enough to have negligible quantum confinement.
Standard reflectance (R), photoreflectance (PR) and pho-
toluminescence (PL) setups have been used to measure
the optical spectra. In the case of PR, a 150 W tungsten-
halogen lamp was used as a probe beam source whereas
the 632.8 nm line of a He-Ne laser served as the pump
beam. The probe and pump beams were focused onto the
sample to the diameter of 1 mm and the power of pump
beam was reduced to 0.1 mW using a gray filter. A single
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grating monochromator (with focal length of 0.55 m) and
a thermoelectrically cooled GalnAs pin photodiode were
used to analyse the reflected light. Other details of the PR
setup can be found elsewhere [14]. Photoluminescence was
excited by a 514.5 nm line of an Ar™ laser, using various
excitation powers with a beam diameter of 0.1 mm, and
analysed by the same monochromator and detector in the
so called ‘lock-in’ technique. The samples were mounted
on a cold finger in a helium closed cycle refrigerator cou-
pled with a programmable temperature controller allowing
measurements in the 10-300 K temperature range.

Figure 1(a), (b) and (c) show a comparison of the
absorption-like (reflectance and photoreflectance) and
emission-like (photoluminescence) spectra for GaAsN,
GalnAsN and GaAsSbN layers, respectively. Each fig-
ure shows spectra for as-grown and annealed samples. In
the case of absorption-like spectra, which are not sen-
sitive to defect related states, we observe features re-
lated to absorption between extended states (band-to-
band transition) or band gap related free exciton. It has
to be noted that all the three layers have different val-
ues of strains. The GaAsN ternary layer is tensile strained
(e = —7.9 x 1073), and its R and PR spectra shown in
Figure 1(b), exhibit clearly a double structure which is re-
lated to heavy and light hole valence band splitting. The
GalnNAs layer close to the lattice-matched conditions to
GaAs substrate (¢ = —0.7x1073), and thereby almost un-
strained. In consequence, we do not observe any splitting
of the valence band in this sample, and only a single struc-
ture is seen in the PR spectra within the line broadening.
For both GaAsN and GalnAsN layers the nature of the R
and PR lines is excitonic at 10 K. In the case of GaAsSbN
layers the line shape of R spectrum suggests a band-to-
band transition. From X-ray analysis we have obtained
that the layer is compressively strained (e = 4.5 x 1073).
Such strain leads to quite significant splitting of the va-
lence band. The line shape of PR spectrum confirms the
splitting, however a detailed analysis of the PR spectrum
is rather complex in this case. A detailed discussion of
these PR spectra is presented elsewhere [15,16]. Results
obtained from absorption-like experiments determine en-
ergy band gap in the compound and they enable an iden-
tification of the nature of PL bands which are the issue of
this paper.

The photoluminescence of the three compounds pos-
sesses similar features:

(i) Very broad emission band at ~ 0.85 eV (Bl in
Figures 1 and 2). Tt exhibits a strong dependence
on temperature (see Figure 2(a), (b), and (c)) and
rather weak dependence on the excitation power.
This band is the least intensive for GaAsSbN layer
and it almost disappears for this layer after anneal-
ing.

A band ~ 80 meV below the energy band gap (B2
in Figures 1 and 2). This band shifts to blue with
an increase of the excitation power and it depends
strongly on temperature. We have observed that this
band disappears above 80 K and the post-growth
annealing evidently reduces its intensity.

(i)
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(iii) Not well resolved band gap-related emission (B3 in
Figures 1 and 2). This band is not observed for as-
grown layers and it appears after annealing. The
intensity of this B3 band depends strongly on the
excitation power and at low excitation conditions is
almost not observable. With an increase of the exci-
tation power the B3 band becomes dominant in the
PL spectrum. In the case of the GaAsSbN layer, this
band is already dominant for low excitation powers.
A blue shift of the optical transitions after annealing.
The shift is observed in absorption-like experiments
and is directly associated with an increase of band
gap energy. In case of photoluminescence, the blue
shift is seen mainly for the band gap-related emission
(B3 band) whereas it is rather not observed for Bl
and B2 bands.

The similar emission and absorption features of the
three compounds suggest that the optical properties could
be explained on the same band gap diagram in a first
approximation. In order to explain the optical properties,
we have proposed a model as this one shown in Figure 3.
It assumes that some defect states exist within the band
gap, and the conduction band possesses some fluctuations
in the minimum energy.

The existence of defect states within the energy band
gap has been suggested many times and it has been also
confirmed by DLTS spectroscopy [17-19]. However, the
nature of the defect states is unclear and is still being in-
vestigated. In our model, we assume, after Kent et al. [10]
calculations, that N pairs and triplets lead to defect states
which are close to the conduction band edge. We believe
that these defect states are crucial in the III-V-N com-
pounds. In addition, we introduce some defect levels which
are rather close to the valence band and they are probably
not associated with N-atoms. The existence of such defect
levels have been confirmed by DLTS investigations [17],
but their origin has not been identified yet.

The fluctuations of conduction band minimum re-
sult from both alloy content fluctuations and a non-
homogenous distribution of the N-related defects. Usually,
alloy content fluctuations lead to band gap fluctuations
where both conduction and valence bands have their
extrema. Nitrogen content fluctuations in ITI-V-N com-
pounds, like GaAsN, GalnAsN, and GaAsSbN, lead to
a specific variation of the band gap energy. In this case,
the variation of band gap is mainly due to the changes of
conduction band energy while the change of valence band
can be neglected [18]. Such behaviour is simple to explain
within the BAC model which assumes that the resonant
nitrogen level interact only with the conduction band of
host matrix (i.e. compound without nitrogen atoms). The
magnitude of the interaction strongly depends on the ni-
trogen content and a small fluctuation in N content, which
is not detectable by TEM measurements, leads to signifi-
cant fluctuation in energy of the conduction band.

The non-homogenous distribution of the N-related de-
fects is another phenomena, which takes place in these
compounds and leads to a local conduction band edge min-
ima in the real space. In this case, energy levels related to
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Fig. 1. PL, R, and PR spectra of GaAsN (a), GalnAsN (b), and GaAsSbN (c) layers recorded at 10 K. In the case of PL spectra
the density of excitation power is 0.08, 0.24, 0.54, and 7.5 VV/(:m2 for solid, dashed, dotted, and dash dot lines, respectively.
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Fig. 2. Temperature dependence of PL from GaAsN (a), GalnAsN (b), and GaAsSbN (c) layers. The density of excitation

power is 10 W/cm?.
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Fig. 3. Band gap diagram of the III-V-N compound.

N-defects are close to conduction band, and lead to a tail
of density of states in conduction band and a shrinkage of
the band gap.

The structural investigations have shown that the post
growth annealing causes a homogenisation of the com-
pound content and a reduction of point defects density.
Within our model, it is expected that after annealing the
magnitude of conduction band fluctuations decreases, tail

band reduces, and energy levels within the energy band
gap disappear. All these facts should have essential influ-
ence on optical properties of a compound described by this
model.

The band at 0.85 eV is attributed to radiative recombi-
nation between the N-related levels and states at valence
band. A spatial distribution of the states causes this band
to be very broad. The second band (B2) ~ 80 meV be-
low band gap energy has been attributed to the recombi-
nation between N-related defect levels and valence band.
This band strongly depends on temperature, excitation
power and post growth treatment. The blue shift of this
band observed with the increase of excitation power is at-
tributed to saturation of the N-related energy levels. We
have observed that this band disappears for temperatures
above 80 K. The low temperature quenching suggests that
the recombination is excitonic in nature, and the excitons
have a localised character. The post growth annealing evi-
dently reduces the intensity of this band. It can mean that
the number of N-related defects and/or the localisation
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energy decreases after annealing. In this case, the locali-
sation potential is attributed to some non-homogeneities
in N-defect distribution and N-content fluctuations.

The third band (B3) related to energy band gap
strongly depends on post-growth treatment. This band
is almost not observed for non-annealed layers at 10 K
and it appears after annealing. In contrast to the B1 and
B2 bands, the intensity of this band exhibits much weaker
temperature dependence. With the temperature increase
the B3 band becomes dominant in PL and the charac-
ter of the recombination changes from excitonic to band-
to-band. In the case of the GaAsSbN layer, the recombi-
nation is rather band-to-band at 10 K already. We have
found that the B3 band shifts to blue after annealing. It
means that the post-growth treatment causes an increase
of the band gap energy. In order to make detailed anal-
ysis of this phenomenon we have considered PR spectra
because a shift observed in the absorption-like experiment
is directly related to the change of band gap energy. We
have found that the blue shift of band gap features equals
20, 27, and 54 meV for GaAsN, GalnAsN, and GaAsSbN
layers, respectively. Within our model, a reduction of po-
tential fluctuations and tail band states is responsible for
an increase of the effective band-gap. Experimental data
show that the blue shift is correlated with the intensity
of the B2 band (N-defect related band). The highest re-
duction of this band intensity is observed for GaAsSbN
layer and also for this layer the blue shift has the highest
value. Therefore, we have attributed the blue shift to the
reduction of the tail of density of states.

In case of the GalnAsN compound, a change of ni-
trogen nearest-neighbour environment can lead to a blue
shift [3,21], besides the reduction of tail band states. It
has been shown that annealing process changes the nitro-
gen atomic environment from Ga-rich to In-rich [22-24].
The change in the atom configuration influences strongly
the energy of the band gap [3,7]. Therefore, in GalnAsN
compounds, the blue shift is a sum of two effects: a re-
duction of band tail states and the change in the nitrogen
nearest-neighbour configuration.

In summary, a simple band gap diagram has been pro-
posed in order to explain the origin of the three usually ob-
served PL bands in nitrogen diluted GaAs-based materials
and their behaviour after annealing. It has been assumed
in this model that the conduction band edge has local
energy minima (fluctuations in the real space). The fluc-
tuations are caused by N-related defect, which cause an
appearance of energy levels close to conduction band and
N content fluctuations. We are convinced that the number
of defect states in the ITII-V-N compounds is rather huge
and many detailed investigations are necessary in order to
understand their nature. However, we believe that many
of them will lead to the energy band gap diagram which
is proposed in this paper.

This work was supported in part by the Committee for Scien-
tific Research in Poland under Grant No. 4 T11B 008 23 and
Grant No. 2P03B 118 25.

The European Physical Journal Applied Physics

References

1. W. Shan, W. Walukiewicz, J. W. Ager III, E. E. Haller,
J. F. Geisz, D. J. Friedman, J. M. Olson, S. R. Krutz,
Phys. Rev. Lett. 82, 1221 (1999)

2. J. D. Perkins, A. Mascarenhas, Yong Zhang, J. F. Geisz,
D. J. Friedman, J. M. Olson, Sarah R. Kurtz, Phys. Rev.
Lett. 82, 3312 (1999)

3. P. J. Klar, H. Griining, J. Koch, S. Schéfer, K. Volz,
W. Stolz, W. Heimbrodt, A. M. Kamal Saadi, A. Lindsay,
E. P. O'Reilly, Phys. Rev. B 64, 121203(R) (2001)

4. C. Skierbiszewski, P. Perlin, P. Wisniewski, T. Suski,

J. F. Geisz, K. Hingerl, W. Jantsch, D. E. Mars,

W. Walukiewicz, Phys. Rev. B 65, 035207 (2001)

B. Gil, Solid State Commun. 114, 623 (2000)

P. R. C. Kent, A. Zunger, Phys. Rev. Lett. 86, 2613 (2001)

K. Kim, A. Zunger, Phys. Rev. Lett. 86, 2609 (2001)

P. R. C. Kent, A. Zunger, Appl. Phys. Lett. 79, 2339

(2001)

9. P.R. C. Kent, A. Zunger, Appl. Phys. Lett. 82, 559 (2002)

10. P. R. C. Kent, L. Ballaiche, A. Zunger, Semicond. Sci.
Technol. 17, 851 (2002)

11. M. Kondow, K. Uomi, A. Niwa, T. Kikatani, S. Watahiki,
Y. Yazawa, Jpn J. Appl. Phys. 35, 1273 (1996)

12. J. F. Geisz D. J. Friedman, Semicond. Sci. Technol. 17,
769 (2002)

13. J. C. Harmand, G. Ungaro, L. Largeau, G. Le Roux, Appl.
Phys. Lett. 77, 2482 (2000)

14. J. Misiewicz, P. Sitarek, G. Sek, Opto-Electron. Rev. 8, 1
(2000)

15. R. Kudrawiec, G. Sek, J. Misiewicz, L. H. Li,
J. C. Harmand, Appl. Phys. Lett. 83, 1379 (2003)

16. R. Kudrawiec, G. Sek, J. Misiewicz, L. H. Li, J. C.
Harmand, Solid State Commun. 129, 353 (2004)

17. R. J. Kaplar, D. Kwon, S. A. Ringel, A. A. Allerman,
S. R. Krutz, E. D. Jones, R. M. Sieg, Solar Energy Mater.
and Solar Cells 69, 85 (2001)

18. P. Krisprin, S. G. Spruytte, J. H. Harris, K. H. Ploog,
Appl. Phys. Lett. 80, 2120 (2002)

19. P. Krisprin, V. Gambin, J. H. Harris, K. H. Ploog, Appl.
Phys. Lett. 81, 3987 (2002)

20. R. Kudrawiec, G. Sek, K. Ryczko, J. Misiewicz,
P. Sundgren, C. Asplund, M. Hammar, Solid State
Commun. 127, 613 (2003)

21. R. Kudrawiec, E.-M. Pavelescu, J. Wagner, G. Sek, J.
Misiewicz, J. Konttinen, M. Pessa, J. Appl. Phys. (2004)
in press

22. J. Wagner, T. Geppert, K. Kohler, P. Ganser, N. Herres,
J. Appl. Phys. 90, 5027 (2001)

23. T. Kitatani, M. Kondow, M. Kudo, Jpn J. Appl. Phys. 40,
L750 (2001)

24. S. Kurtz, J. F. Klem, A. A. Allerman, R. M. Sieg,
C. H. Seager, E. D. Jones, Appl. Phys. Lett. 80, 1379
(2001)

25. W. Li, M. Pessa, J. Toivonen, H. Lipsanen, Phys. Rev. B
64, 113308 (2001)

© N> o



