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Interband photoluminescen¢BL) and absorption spectra afInN samples with Hall concentrations from
3.6x 10 to 6x 10'8 cm3 were studied. Sample thicknesses were in the range from 12 tqud¥ A set of
lasers for the PL excitation in the energy range from 2.41 down to 0.81 eV was used. The well-resolved
structure consisting of three peaks was observed in the PL spectra of the high-quality samples in the energy
interval from 0.50 to 0.67 eV at liquid-helium and nitrogen temperatures. We attributed one of two low-energy
features of the spectra to the recombination of degenerate electrons with the holes trapped by deep acceptors
with a binding energy oE4,=0.050—0.055 eV, and the other one was attributed to the LO-phonon replica of
this band. The higher-energy PL peak is considered as a complex band formed by two mechanisms. The first
one is related to the transitions of electrons to the states of shallow acceptors with a binding energy of
E,,=0.005-0.010 eV and/or to the states of the Urbach tail populated by photoholes. The second mechanism
contributing to this band is the band-to-band recombination of free holes and electrons. The relative intensities
of the two higher-energy PL peaks were found to be strongly dependent on temperature and excitation power.
A model approach taking into account the Urbach tails of conduction and valence bands and the acceptor states
was developed. The calculations of PL and the absorption spectra have shown that the band gap of InN in the
limit of zero temperature and zero electron concentration is close to 0.665—0.670 eV. The model calculations
allowed us to explain the structures of all the spectra observed, their dependence on the excitation power, and
the temperature variations of PL and the absorption spectra. The effective masses of electrobspatiihe
equal to 0.042 and 0.07 of free-electron mass were tested in calculations. The conductivity band was assumed
to be nonparabolic.
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I. INTRODUCTION above 168cm 3, are characterized by band-to-band

: 9
It is known that the spectra of interband photolumines-phomlum'nescenC%' The PL bands are structureless be-

cence (PL) of nondegenerate direct-gap semiconductor<Lause of the screening of the Coulomb interaction followed
are strongly influenced by excitons or electrons and hole y the disappearance of excitons, shallow donor and acceptor

localized at impurities, because the energy relaxation timatates, and their complexes. The interband absorption thresh-

; : ; ; Id of such materials is shifted towards higher energies due
of photoexcited carriers is typically much shorter than the? . :

T . : to the band-filling Burstein-Moss effé€tand can exceed
radiative lifetime, and, hence, the carriers or excitons poPuéonsiderany the band gap of InN.

late the localized states before radiative annihilation. As a Very recently, thickn-InN films with charge carrier con-

consequence, the PL spectra exhibit the structure due Wantrations below % 1017 cm2 and room-temperature Hall
localized states. , _ mobilities higher than 2100 ¢tV s were producedt!2 At
At the early stages of studiés, the INN materials present, a good deal of experimental information concerning
had very high electron concentrations~10°~1C** cm™®,  high-quality n-InN samples has been reported in the litera-
and no photoluminescence was observed. For this reasofyyre (Refs. 13-18 and references thejein
the band gap of this material could be estimated in The PL studies of degenerate samples ©finN
absorption measurements alone. Later it was found that thgith relatively low electron concentrations of the order
infrared luminescence of INN was observable in samplesf n,~ x 10'® cm™ revealed that the exponentially decreas-
having electron concentrations ofi,~1-2x10*cm™  ing density-of-states tails of the valence and conduction
and less bands, formed by shallow localized electrons and holes,
The heavily doped degenerate semiconductors, such @&sn manifest themselves in the formation of the PL band.
the n-type InN crystals with an electron concentration well The band gap was estimated to be about 0.670 eV, even
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though these Urbach tails lead to some uncertainty inhe PL spectra at a moderate doping level are interpreted as
this value!® the recombination of free degenerate electrons with holes

The theoretical calculations of the band structure of InNbound by the acceptors. For heavily doped samples with
(Refs. 20-23have shown that the band gap of this semicon-charge-carrier concentrations abovex 50 cm3, the re-
ductor is narrow, consistent with the experimental data. Theombination of nonequilibrium free holes is put forward to
dielectric function of InN films was studied by spectroscopicdescribe the PL. In turn, the PL bands at 673 and 605 meV
ellipsometry in Refs. 24—26, and the energy positions of thef samples with a low doping level are attributed to the re-
van Hove singularities were established in a wide energgombination of nondegenerate electrons from the bottom of
range. the conduction band at two states of shallow and deep accep-

Wu et all® used the optical absorption technique totors, respectively. The valug;=0.692 eV was obtained in
measure the temperature dependence of the fundamenféf. 18 as a result of the best fit of the experimental spectra
band gap of InN grown by molecular beam epitd¥4BE). at the electron effective mass at thepoint equal tom,

For 7.5-um-thick layers with Hall concentrations of =0.042 of the free electron mass.

4x 10Y cm 3, the fundamental band gap was estimated to It should also be mentioned that up to now conflicting
be 0.690 eV. The position of the PL band was assumedpinions about the fundamental parameters of InN can be
to be affected by emission from localized states. Thefound in the literature. Among the parameters of practical
band-gap variation with temperature over an interval ofimportance for the understanding of optical experiments, the
4.2 K to 295 K was estimated to be 49 meV. As follows band-gap value, the electron effective mass, and the probable
from the data presented in Ref. 13, the PL-band maximunmonparabolicity of the conduction band in InN, connected
shifts by 30 meV to lower energies within the temperaturewith the problem of common-cation-rule breaking, are the
interval given above, i.e., it is less than the band-gaphot issues under discussion.

shrinkage. Wu et al’ have studied the infrared reflection from wurtz-

In the present paper it will be shown that a considerablédte InN layers within a range of the free-electron concentra-
difference between the band-edge shrinkage and thions typical of samples grown by molecular beam epitaxy.
temperature-dependent shift of the PL-band maximum, menMeasurements of the plasma-edge frequencies were used to
tioned in Ref. 13 and often reported by other authors, isletermine the electron effective mass. The results revealed a
inherent in the band-to-band recombination when the fre@ronounced increase in the electron effective mass with in-
hole states are involved in the process. Therefore, the tenereasing electron concentration, thus providing evidence of
perature behavior of the PL band clarifies the PL formationthe nonparabolic conduction band in InN.
mechanism. Inushima, Higashiwaki, and Matsuhave studied the op-

Chen et al’®1" have conducted subpicosecond-tical properties of Si-doped InN. The charge-carrier concen-
resolution-differential transmission measurements on InNration was varied from 1.8 10'®to 1.5x 10*° cm™3. The
epilayers to study the carrier recombination dynamicseffective mass also showed a rise as the electron concentra-
and hot carrier relaxation processes in these materialgon increased, and a=8x 108 cm 3 its value was around
at room temperature. The authtrsconcluded that at 0.085m,.
short time delays after pulsed excitation the longitudinal Carrier and Wet’ have found in their calculations a strong
optical-phonon scattering is a dominant energy-relaxatiomonparabolicity of the conductivity band and a linear depen-
process. At longer delays, a redshift of the peak energylence of the effective mass of an electron on its kinetic en-
in the differential transmission spectra was recorded. Thigrgy. The electron effective mass at thepoint was esti-
redshift was explained as a result of the reduced band-fillingnated to be 0.0WM,. It has been shown that the
effect when the photoexcited carriers recombine.nonparabolicity has a strong effect on the interband-
Temperature-dependent PL measurentéritave confirmed absorption coefficient over a wide energy interval.
that in the high-quality samples with electron concentrations We will show in this paper that the problem of the elec-
of (4x10"cm™3) the peak redshift is nearly in the tron effective mass is closely related to other questions, such
same energy interval as that reported in Ref. 13. A lineaas a marked disparity between charge-carrier concentrations
dependence of the charge-carrier lifetime on the chargeestimated from optical and electrical data.
carrier concentratiori was observed in the concentration As pointed out in Ref. 5, the PL-band shape as well
range from 4< 10'7 to 1.2x 10* cm®. as the absorption-coefficient behavior are strongly affected

We will demonstrate in this paper that the steady-statdy the inhomogeneous spatial distributions of the electron
luminescence also provides evidence of a fast rate of thdensity of which the origin is not clear. Recent resdfts2
relaxation process, resulting in an equilibrium or almosthave conclusively shown that considerable inhomogeneity
equilibrium distribution of photoholes over their energies be-in the growth direction is typical of the epitaxial
fore annihilation. In addition, the electron-phonon interactionInN layers.
with the optical modes will be shown to lead to the compli-  An intrinsic surface-electron accumulation layer in the
cated PL spectra of interband transitions. n-InN samples was revealed by Let al,?® who studied

Arnaudovet all® have investigated the low-temperature transport characteristics of very thin InN films, down to
PL spectra for 0.2- to 1.5m-thick epitaxialn-InN layers 10 nm in thickness, with charge-carrier concentrations of
with Hall concentrations in the range from ®7A0Yto 6 the order of 18 cm3. A strong excess sheet charge was
X108 cm3.  They have proposed three different detected. This charge stems from either the surface or
concentration-dependent mechanisms of the PL formatiorthe interface between the InN and its buffer layer. The
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capacitance-voltage measurements have shown that tlas a detector(cutoff energy=0.59 eV, A=2.1 um). The
charge carrier concentration ranges from°t0 10" cm3at  maximum excitation power densities were0.3 kW/cn?
a depth of 6 nm from the InN surfaég. and =50 W/cn? for the solid-state and semiconductor la-
The experimental studies of the conduction-band electrosers, respectively. The excitation densities were varied by
plasma performed by Mahboddt al?° revealed that donor- neutral density filtergfor the solid-state lasgor by chang-
type surface states can exist in the conduction band. Theseg the injection currentfor the semiconductor lasers
surface states become ionized by emitting their electrons into
the conduction band. They manifest themselves as a surface-
electron-accumulation layer that is required to neutralize the InN films were grown on(0001) sapphire substrates by
positively charged surface states. different techniques in three different laboratories. The major
New variable magnetic-field Hall-effect measurementspart of the samples studied was grown by the MBE tech-
were conducted by Swartt al32 on InN samples grown by nique at Cornell UniversityUSA). Typically, an AIN nucle-
molecular-beam epitaxy. As distinct from ordinary Hall- ation layer and a GaN buffer layer were deposited prior to
effect measurements producing only averaged data for inhdaN growth!! The InN-layer thicknesses of the samples used
mogeneous materials, the above-mentioned technique allovis our studies ranged from 470 nm to L2n. Although the
direct measurements of interfacial and/or surface conductivsamples were not intentionally doped, free-electron concen-
ity and the electrical properties of the bulk. These measuretrations ranging from 3.8 10'7to 8.4x 10" cm™ were
ments revealed the charge-carrier groups with different mofound in the samples by Hall-effect measurements.
bilities. This suggests the presence of multiple conduction In addition, two nonintentionally doped InN samples
layers as well as sample inhomogeneity. The quantitativé&233-5 and 000702 grown by the molecular beam epitaxy
technique for the mobility-spectrum analysis reported in Ref(MBE) and metalorganic vapor phase epitatyl OVPE)
32 also points to a continuous and considerable spread irechniques at Chiba and Fukui Universitidapan, respec-
mobility for the electrons in bulk InN, in much the same way tively, were studied. The thicknesses of the MBE- and
as is observed in layers of various thicknesses. The analysMOVPE-grown samples were 1.7 and Quin and their elec-
of a 7.5um-thick InN sample has shown that the maximumtron concentrations  were 210 cm™3  and
mobility of electrons exceeds 3500 &V s for “bulk” InN. 8x 10 cm3, respectively. More details of the growth of
The main purpose of the present paper is to analyze ththese samples can be found in Refs. 33 and 34.
optical data obtained on-InN samples of high quality, to- For convenience, the samples were divided into three
gether with some new data gained by other investigators fogroups. The parameters of the samples are presented in
similar materials. The approach suggested in this paper i$able I.
aimed at minimizing the uncertainties in the basic parameters The samples of the first group are the thick layers charac-
of InN that are still existing in the literature. terized by the Hall electron concentrations less than
The paper is organized as follows. Section |l outlines thel0*® cmi 3. The samples of the second group are thin layers
experimental setup and sample characterization. Sec. Ill iwith concentrations close to ¥cm™. The samples of the
devoted to the model used for the description of optical datathird group have concentrations above®1ém3,
In Sec. IV the results of the model calculations are given and The concentration values,, were obtained from the
discussed. The most important findings are summarized imodel fitting of the PL spectrésee Sec. IV.
Sec. V.

B. Characterization of samples

C. Quantum yield of photoluminescence

Il. EXPERIMENTAL DATA A strong dependence of the quantum vyield of lumines-
, cence on the sample quality was observed. To estimate the
A. Experimental setup external quantum efficiendBo(ext) of the InN samples, the

PhotoluminescencéPL) measurements were performed PL spectrum of the reference Si: Er/Si-MBE structure with a
by pumping with an Af-ion laser operating at 2.41 eV known By(ref) was measured. ThBg(ref) of the Si:Er/Si
(514.5 nm. The pump power density was varied betweenstructure (emitting at A\=1.54um) was measured by a
10 mW/cnt and 1 W/cm. The InN samples were mounted NOVA OPHIR instrument with a PD300-IR detecttmini-
in a liquid-helium cryostat and cooled to a temperature ofmal detectable power wasl nW). The value of theB(ref)
about 4.2 K. The luminescence signal was analyzed by af the Si:Er/Si structure was 1073 at the pump power
BOMEM DA3.002 high-resolution Fourier spectrometer andP.,=4 mW andT=4.2 K. TheBg(ext) of the InN layers was
detected with a liquid-nitrogen-cooled InSb deterc#mtoff determined as
energy~0.4 eV,A = 3.1 um) with a resolution 4 cm'. The _

PL spectra of the INN samples were corrected by using the Bo(ex) ~ Bo(ref) X [PL(InN)/PL(ref) ],
emission spectrum of a tungsten lamp. where PIINN) and Pl(ref) are the integrated intensities of

Additionally, the PL spectra were measured at liquid-InN and Si:Er/Si, respectively. The quantum yield of the
nitrogen temperatur€’7 K) by using as excitation sources a Juminescence was found to decrease by approximately a fac-
frequency-doubled solid-state  YAG:Ndwhere YAG is tor of 5 in the range of the Hall concentrations studied.
ytrium aluminum garnetlaser with 2.33 eMA=532 nm or The quantum yields of some InN samples measured by a
different semiconductor lasers with 0.81-1.55 eVInSb detector at excitation powers of 100 mW at 4.2 K are
(1550-800 nm An uncooled InGaAs PIN diode was used given in Table I.
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FIG. 1. PL spectra of thick sample Gs2060 at liquid helium and 055 060 065 070
nitrogen temperature@ipper and lower decorated curves, respec- Energy (eV)

tively). The solid lines represent the results of model fits. In calcu- o )
lations, the maximumg, is composed of two processe§) the FIG. 2. Variations of the PL spectrum of sample Gs2060 with
band-to-band recombination of free electrons and holeg(ianthe the excitation power at nitrogen temperature. The decorated curves
annihilation of free electrons and holes localized by shallow accep@'® experimental data, and the solid lines are the results of model
tors with binding energie€g,~5-10 meV. The maximungy, is calculations. The PL spectrum 1 was detected by an InSb diode at
considered as a recombination of electrons with holes localized b€ Minimal excitation power, and spectra 2-6 were obtained with a
deep acceptor§Ey,~50-55 meV, and the maximurhy-LO is nGaAs detector. Spectra 1-5 were obtained in the cw-excitation
built as a LO-phonon replica of the previous transition. regime, and for spectrum 6 the pulsed excitation was used. The
spectra are normalized at 0.61 eV. The results of the model calcu-
lations were obtained at different positions of the hole-chemical
potential, assuming a quasiequilibrium distribution of photoholes
Gand increasing electron concentrations.

D. General features of the PL and absorption spectra

The PL spectra of sample Gs2060 at liquid-helium an
nitrogen temperatures measured at steady-state excitation gfRonon interaction. It will be shown in Secs. Ill and IV that
presented in Fig. 1. Note that spectra of all thick samples argoth shallow localized and band states of holes should be
influenced by the Bragg interference. The most striking feataken into account to interpret the high-energy peak.
tures of the spectra are the structure consisting of three peaks As can be seen in Fig. 1, the rise from liquid-helium to
and the sensitivity to the temperature variation. nitrogen temperature leads to the redistribution of intensities

The structure of the spectra of the high-quality samplesetween the two high-energy peaks. This transformation of
can occur as a natural result of the recombination of holeshe spectrum with temperature may be explained in two al-
trapped by the impurity centers. The energy position of theernative ways. The first one assumes an increase of the
middle peak agrees well with the data of Ref. 18 and can benergy-relaxation rate of nonequilibrium holes in shallow lo-
attributed to the annihilation of the holes localized by deepcalized and band states followed by an increasing population
acceptor states. The lowest-energy peak of the spectra f deep acceptor states.
shifted toward lower energy by the LO-phonon enét@nd, The other version assumes that saturation of the localized
therefore, can be regarded as a manifestation of the electrostates by photoholes is reached, and an equilibrium or

TABLE |. Sample parametersyy, and upy are carrier concentrations and mobilities, respectively,
measured by the Hall effedtare samples thicknesseg,, are carrier concentrations obtained from the fit of
the optical data, assuming a nonparabolic conduction band and the effective electron madszaititeof
mp=0.07m,, andBg(ext) are quantum yields.

Sample Nyal| MHall t Nopt BQ(eXt)
no. (cm™) (cm/V's) um (cm™d) 1072
Gs2060 3.6 10V 2000 12.0 2.4 10Y 9.0
Gs2050 5.% 10Y 1600 7.0 2.4< 10V 7.5
Gs1804 7.%10Y 1300 1.7 2.4< 10V 9.0
Gs2055 1.0x 1018 1050 0.42 4.%10Y 4.0
Gs2019 2.6< 108 1050 0.6 8.4< 10V
E233-5 2.0 108 1500 1.7 1.45 108 2.0
000702 8.0 1018 500 0.5 3.45¢ 108
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FIG. 4. Experimental PL and absorption spectra of sample
Gs2050 at room temperatutsymbolg, and model spectrésolid
lines 1 and 2 Dashed line 3 is the result of model calculations
without acceptor states.

the PL and the absorption spectra in a wide temperature in-
0.5 0.5 YRS RN terval. The most dramatic transformation of the PL spectrum
Energy (eV) occurs from nitrogen temperature to room temperature.
The calculations in Secs. lll and IV show that these
FIG. 3. Variations of the PL and absorption spectra of samplechanges in the PL spectra are due to the alterations of the
Gs2050 with a temperature increase. The symbols are the expetinicroscopic mechanism of the PL formation. At room tem-
mental data, and the solid lines are the results of model calculationperature, the dominant role is played by the band-to-band
(@ T=4.2 K, (b) T=77 K, and(c) T=300 K. transitions as a result of the population of the valence-band
states. Figure 4 presents the details of the analysis of the
om-temperature PL spectrum.
Figure 5 demonstrates a comparison of the PL spectra of

almost-equilibrium distribution of holes is established. This o
version involves an increase in the nonradiative process rate

with temperature followed by the shift of the photohole samples of the first group. As can be seen in Fig. 5, the

popu_latlon border toward the ba_md gap. spectra have similar structures, and the only detectable dif-
It is well known that the PL intensity decreases as tem-]t . ; . .
; . ) rence between them is the different ratios between the in-
perature increases, which also points to the enhancement {% - . ) .
o . e]nsmes of the high-energy and the second maxima, which
the nonradiative processes and makes the second variant .Q .
) increase as the sample thickness decreases from
the explanation preferable. On the other hand, the seco t0 1.7m
)[/he;?(?gnrréeeanz tBfgtégebcoﬂg:znstrg“ﬁ:’voéégi Iﬁcelgllez(:e;iusséaies Figures 6—9 demonstrate the dependences of the PL spec-
e pop Y jow enough, q?a on temperature and on the excitation power for thin
excitation powers, at which the redistribution was observed,
were rather low. D S
An additional argument supporting the second version is /
given by the PL sensitivity to the excitation power. Figure 2
demonstrates the transformations of the PL spectrum of
sample Gs2060 in a wide interval of the excitation powers at
nitrogen temperature. It can be seen from Fig. 2 that spectra
registered by InSb and InGaAs detectors coincide well in a
wide range of energies above 0.6 eV.

At low and middle excitation densities an intensity

T=4.2K

T T T,

T T
—_

0.1 e

PL intensity (arb. units)

0.01 g4 El
redistribution between two high-energy peaks is observed. o g
The further increasing of the excitation power results in a L
high-energy shift of the spectrum and a broadening of the 0.001 £
high-energy peak due to the carrier concentration’s increas- B o
) e o : 050 0.55 0.60 0.65
ing. A similar dependence was observed at liquid-helium Energy (eV)
temperature.

It is worth noting that the observed dependence can be FIG. 5. PL spectra of samples Gs2060, Gs2050, and Gs1804 of
understood only in the framework of the second version, as e first group(curves 1, 2 and 3, respectivghat liquid-helium

result of the population-border shift. temperature. The symbols are experimental data, and the solid lines
Figures 3a)-3(c) show the temperature dependences ofgive results of model fits. The spectra are normalized at 0.61 eV.
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and lower curves, respectivelyThe spectra are normalized at
0.55 eV. The solid lines represent the results of model calculation

FIG. 8. PL spectra of sample Gs2019 at (darve ) and nitro-
5g_en(curve 2 temperatures normalized at 0.61 eV. The solid lines
give the results of the model calculationg, |4, andly;LO are

samples of the second group. Despite the difference in theaxima due to the recombination of free electrons and holes local-
electron concentrations, the major features of the spectra ¢ed by shallow and deep acceptors, and the phonon replica of the
the first and second groups coincide. The explanations of th&and. due to deep acceptors.

temperature and excitation-power variations of these spectr, L .
b P P %rmed by donor-acceptor annihilation of shallow localized

are the same. . L
Figure 10 shows the PL spectra of the sample of the thir&lectron_anq hole staté$ Tails of this kind are k”OVV.” to
appear in disordered systems, such as solid solutions and

roup with a relatively high carrier concentration. The spec- ! o
group y g P amorphous semiconductors, as a result of the random distri-

tra were detected at two excitation powers differing b ) ) ; .
P g by a'butlon of atoms over lattice sites or the structural imperfec-

factor of 47. The features typical of the PL spectra of the. .
highly doped InN can be seen, but a weak dependence on tions randomly scattered over the crystal. The formation of

excitation power is still conserved. _thte tglls ((j)f Ikc))callzt(_ad statéa?hleallDdLs to S|?n|f|;:a{1r]t change? (ljn thed
In Fig. 11, the PL spectra of samples of the second and' cr>@nd absorption and the =L spectra. in the case ot dope

third groups are shown and they demonstrate the shift of thgemmonductors, the spatial arrangement of doping centers

PL band with carrier concentration increase. plays the role of a fa”dO”T factor. .
One can expect that, in the case of lower doping, the

localized hole states of acceptor-type impurities and the tail
) states of the conduction band will play a noticeable role in

A. The density of valence-band states the formation of the interband luminescence. Then additional
The InN samples of improved quality demonstrate more

lll. THEORY

intensive PL bands with exponentially decreasing tails oo T
S T — ™ = =
Co77K ] [ ]
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s 2 05 .
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FIG. 9. PL spectra of sample Gs2019 at different excitation
FIG. 7. PL spectra of sample Gs2055 for two excitation powerspowers and at nitrogen temperatdecorated curves 1 and. Zhe
at nitrogen temperature. The spectra were normalized at highexcitation power for curve 2 is decreased by a factor of 47. The
energy maxima. The results of the model calculati@udid curve$ spectra are normalized at 0.61 d\,andl 4, are maxima due to the
were obtained at different positions of the hole chemical potentialrecombination of free electrons and holes localized by different

assuming an equilibrium distribution of photoholes. acceptors. The solid lines are model fits.
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FIG. 10. PL spectra of sample E233-5 at nitrogen temperatur@cceptor stateshandda Curves 1 and 2 are the hole populations at

obtained at a low excitation powgcurve 1, symbolsand at an  liquid-helium and room temperatures, respectively.

excitation power increased by a factor of 2@lrve 2, symbols

The spectra are normalized at the maxima. The solid lines give the (2m ) 2,
results of model calculations. p"E) ~ I NT=] (1)

2h3
luminescence bands associated with the recombination dfelow the valence-band top, where is negative and
electrons and deeply localized holes, whose Bohr radius iE| > Ef,/2 andu, is the volume of the elementary cell of the
smaller than the Thomas-Fermi screening radag§qTF, lattice. Then, aE> - Eh/2 the density of the hole states can
can appear. Her@jg= \Swm/vF is the Thomas-Fermi wave be represented as
vector, w, is the frequency of the free-carrier plasmon, and (2m)¥2
Vg |s_the velocl:gy_ of electrons on the Fermi sphere of radius  ,h(g) ~ [%] VEI/2 exd— (E - E[//2)/E]]
pe/f=(37°ny)3 in the reciprocal space. These bands must 4mh

be redshifted as compared with the band-to-band lumines- ho—E
cence, and they can coexist with the Urbach tails of the band- + —Shllz exp) - [—Sh]
to-band luminescence, as in GaAs and GaN. (27ysn) 2Ysh
We consider a model description of the density of states Nga fiw — Egy |?
of the valence bands, taking into account both the Urbach tail + W exp) - Tda , (2

and acceptor states of different localization depths. The be-

havior of the density of states in the Urbach tail is commonly\NhereE is the characteristic Urbach energy determining the
well described in a wide-energy range by the exponentiatypical localization energy and the radius of the bound state
law.3837 Taking the density of acceptor states in the Gaussiair o= y[%2/ (2mE})]); Esty ¥s Nst Egar Ve andNg, are the
form, we write the model density of states for holes as localization energies, inhomogeneous broadenings, and di-
mensionless concentrations of the shallow and deep accep-
tors, respectively, andn, is the hole effective mass. The
Urbach parameteE], in the calculations was taken to be

1 meV. This model density of states is given in Fig. 12.

\\\!![|\1\\‘

T=77K

B. Different limits of photohole distribution

It can be expected that the concentration of the localized
valence-band states imInN samples now available is still
smaller than the electron concentration. If localized states are
spread over a wide energy range then, first of all, the depen-
dence on the filling of these states at relatively low excitation
powers can influence the PL band.

The steady-state luminescence depends on the distribution
of the photoholes over the valence-band states and, hence,
0.5 0.6 0.7 . . . .

Ener their energy-relaxation rate and also on the excitation power.
gy (eV) o7 e
In the limit of the weak excitation of samples character-

FIG. 11. PL spectra of samples Gs055 and Gs2019 of the secoriged by a powerful tail of localized states and fast relaxation
group and samples E233-5 and 000702 of the third gtoupves 1,  rate, we can expect that only the holes localized by the deep-
2, 3, and 4, respectivehat nitrogen temperature. The spectra are est(spatially isolated from each othestate$® will define the
normalized at maxima. The symbols are experimental data, and tHéL-band shape. The stationary occupancy of these states is
solid lines give the results of model calculations. not equilibrium because they are isolated, and, at low tem-

PL intensity (arb. units)
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peratures, the number of holes at a given localization energy 10—
is simply proportional to the density of states. The - 7
PL mechanism of this kind was observed in the spectra
of disordered systems under weak excitations, when recom-
bining excitons were captured by the localized states of
the tail38

The hole distribution in this limit is expected to be non- ; Ny .,
degenerate, and the temperature increase can lead to the 104l A o138
Boltzman distribution of populated states. The influence of g ’/ E,(300) fg({‘-z)
the steady-state excitation power must be weak as long as the W \ '
hole distribution remains nondegenerate. i l \

The “strong” excitation limit can be reached if the number L ‘0“7‘ L ‘o‘s‘ —
of photoholes created by excitation is comparable to the ' " Energy (eV) '
number of localized states in the tail of the valence band. If
in this case the energy relaxation timg(T) is much less FIG. 13. Model densities of the conduction-band statgE) at
than the full temperature-dependent lifetim(@) of holes in  two temperatures, with the Urbach tailE&} =15 meV.E4(4.2) and
radiative states, a degenerated distribution of the holes cdry(300 are positions of the band gap at liquid-helium and room
be expected. We denote the generation rate of the photoholégmperatures, curves 1 and 3 are the densities of the populated
asG. Then the chemical potential of the photohol€$G, T) states, and curves 2 and 4 are the densities of the empty electron
that defines their equilibrium or almost-equilibrium distribu- States at these temperatures, respectively.
tion can be found from

P
T —

e pelE)

ma

S
*

Ll

A .
T4/ A

*

DOS and population (arb. units)
~.
Y ST

2 3/
p(E) ~ {%} V[E-Ey4(n, ], (5)

GA(T) = f [1-n(G,T)]pn(E)ME, (3
- at[E-E4(n,T)]>E}/2 and
where the Fermi-distribution function for the valence band is

2m) ¥y | =
) p(E) ~ {%] VES/2

exp[E- u"G, T+ 1’ @ ~ Xexp-[|[E-Ey(n,T)| - EG/2VEL},  (6)

NG, T) =

and the temperature is expressed in the energy units. Siné@ [E—Ey(n,T)]<E}/2, where Ej is the characteristic
the #(T) is temperature dependeni(G,T) must also de- Urbach energy that determines the typical energy of electron
pend on temperature. At not-too-strong excitatipitéG,T)  localization, andEy(n,T) is the band gap, depending on
must be positive and lie above the valence-band top. Th#ée electron concentration and on temperature. The param-
hole chemical potentiaj(G,T) at increasing excitation eter Ej for the samples of high quality ranged from

power at low temperatures becomes negative, resulting in thé> t0 15 meV. _ _
valence-band-state population. The origin of the localized states that lie below the bottom

The really strong excitation limit will be achieved if ©f the conduction band may be associated with, e.g., spatial
the localized hole states are saturated, and the electrdiictuations in the positions of shallow donors. For example,
concentration noticeably increases. It can be expecteti the Bohr radius of a Coulomb center dg > dyt, then the
that the PL-band profile in the strong excitation limit will bound state on a single center will disappear, but a pair of
be sensitive to the excitation power as well as to thesuch centers situated within a sphere of radjfismay lead
temperature. to the formation of a shallow localized state.

In Fig. 12 a redistribution of the photohole population The dependence of the band gagin, T) on the electron
at the temperature rise from 4.2 to 300 K is presentedconcentration, which is due to the Hartri-Fock exchange in-
For simplicity, the position of the hole chemical potential teraction, is taken in the forf,
just above the shallow acceptor state was not changed.

However, a considerable depopulation of localized states Ey(n,T) = E4(0,T) - 20(n/10'8) 3, (7)
takes place even at these conditions. As a result of similar

redistribution the localized states lose their role in the PLHere,Eg(n,T) is the band gap expressed in meV’s at electron
formation. concentratiom expressed in ¢, and Ey4(0,T) is the band

gap in the limit of zero electron concentration. A numerical
factor was estimated in Ref. 5. We assume that the tempera-
ture dependence of the band gap is universal and does not

We present the density of states of the conductiorchange with electron concentration.
bandp®(E) (see Fig. 1Bin a form similar to those of Eq$1) The Fermi energy of the conduction barkg,=p2/2m in
and(2), meV'’s, for the parabolic electron band is

C. Conduction-band states
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T T TTTI, T T T _ F T T T 1717

198 101 10 - JOf
1000 )

This equation can be simplified {ps/kp) is low enough
and arctafps/ky) can be represented as a Taylor power se-

E: r 7 1 ries. This leads to the expression,
S0 i 2 2
> T 8 5 4meng _3)Pe
] wpl - 1 . (14)
£ 100 & = eL(@p)Mp 5[ ko

£m B
E r ] The conditions
L o 'm{=0.07m; )

s ag < Oyr

10 j"l Ll Lo LI | N T L) i
0.1 1 10 100 1000 and

Electron concentration (1018 cm'3) 2
T < Eg = pg/2m,
FIG. 14. Model dependences of the Fermi energy on electronyafine the ranges of temperatures and electron concentrations

concentration for parabolic and nonparabolic dispersions of the CorEorresponding to the degenerate distribution of electrons in
duction band. Dotted line corresponds to the parabolic band Wmﬂoped crystals

me=0.1my. Dash-and-dot and solid lines correspond to the non-
parabolic band with the linear dependence of effective mass on the

electron kinetic energyn.=mp(1+E/Eg). The effective masses at D. Interband PL and absorption spectra

the I'-point are taken to be 0.048 and 0.07n,. The interband optical absorption in doped crystals is
formed by transitions from populated states of the valence
Er = 3.58 my/my)(n/10%8)23, (8) bands to unpopulated states of the conduction band. This

) ) _ results in the Burstein-Moss shift of the optical-absorption
where m, is the effective mass of an electromy is the edge for the energy of the order BE®.
free-electron mass, and a numerical factor is found for the The high-energy band of the interband photoluminescence
parabolic band by using the well-known expressionBar  arises due to the annihilation of the photoexcited holes and

from Ref. 39. . . . electrons, which are still degenerate in the high-quality
_ If the effective mass linearly increasésvith the electron  samples available now. As a consequence, the PL-band width
kinetic energy[E-Ey(n, T)], at low temperatures is determined By. The nonparabolic-

_ ity of the electron band affects both the absorption-
M. = mp{1 +[E = Eq(n T)J/Eo}, ©) coefficient profile and the luminescence-band shape.
wheremy is the electron effective mass at thgoint, andg, In the samples with the electron concentration
is the kinetic energy at which the effective mass doublesn=1x10'% E ~35meV for the parabolic band at
then the Fermi energy dependence on concentration can lme,=0.1my or 48 and 71 meV for the nonparabolic one at
described by mr=0.07mg and 0.042n,, respectively.
B of3 12 Under this condition, the shallow hole and electron states

Er = Eo{[(3.58E) (my/mp) (n/108)23 + 1/4]Y2 - 1/2} . that form exponentially decaying Urbach tails of the density
(10)  of states of the valence and conduction bands can play an
. . : . important role in PL-band shape formation. The lumines-
Th? Fermi energies as functions of concentr_atlo_n for Pa3zence bands formed by the recombination of electrons and
bolic _and no_nparabollc bands are presented in Fig. 14: deeply localized holes are redshifted, as in the case of GaAs

It is possible to use the plasmon frequency to estimat

. ) & nd GaN. However, the tails of the more shallow states typi-
the electron concentration, and the corresponding expresaqﬂ‘”y exist together with the deep states

for it in the case of the nonparabolic band at zero wave

vectors is 1. Absorption
5 Ame’ng | ko | pe Pe It should be noted that the dopants that are randomly dis-
Wp1 = oL (wp) My oe | L ko arcta K/ (11 tributed over the crystal and various defects of the crystal

lattice affect the motion of electrons and holes. Scattering
where from a random potential created by impurities and defects

k§:4mFE (12) breaks the momentum-conservation law. As a consequence,
0 the sum of the electrop, and holep, momenta are not equal
and to the momentum of a photon, which results in nonvertical
) interband transitions.
PE = 2mrEp(1 +E/Ey), (13) Then energies of the electron and hole can be written in
and e, (wp) is the dielectric function taken aé=w, and at the effective-mass approximation as
zero wave vector and including both the lattice and interband (p + Qu/my,)?
susceptibilities. Therefore, Eq11) is, in the general case, Ee= T om (15)
the equation defining the plasmon frequency for a nonpara- Me
bolic band. and
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(p - Qu/my)? A(Q) is the squared, overlapping integral between the
- om , (16) wave functions of the electron and hole that are created at the
n same point of space by a photon, and whose momentum of

. . the center of mass iQ,
respectively, and the energy of a pair created upon the ab- Q

Eh:

sorption of a photon is AQ) = |40 ¥ho(r). (19
) ) In the case of the free motion of electrons and holes,
_ pc . Q
hiw=Ey(n,T) + EPRETVE (17 AQ) — 4Q), (20

. i.e., the function reduces to a three-dimensio{3d) delta
Here, Q=(p.—py) is the center of the mass momentum function that expresses the momentum-conservation law. In
andp=(peu/ Mgt pru/my) is the momentum of relative mo-  this case only vertical transitions are allowed, and the kinetic
tion, wherex andM =(m,+m;) are the reduced and transla- energies of the created hole and electron depend only on the
tion masses of the pair, respectively. The energy dependencatio of the effective masses,

of the band-to-band contribution to the dielectric susceptibil- E, = - (m/m,)E,. (21)
ity that determines the behavior of the absorption coefficient
can be represented as The quantity Q may take a continuum set of values

for different mechanisms of the scattering of electrons

)2 and holes from defects, and it is necessary to perform sum-
¥'(w) ~ Yo JdSp dsth[M] mation over these values. N(Q) does not restrict the pos-
(2mh)® P 2my, sible values ofQ, then the integration with respect t5Q
P extends over the entire volume of the first Brillouin zone.
xA(Q)&(ﬁw— Eg— - —) The hole kinetic energy is restricted by the energy-
2p 2M conservation law alone,
X{l _ng[w” s 0= Ey = [0~ EynT)l. 22
2me Since the population of the valence band in the calcula-

_ N tions of the absorption coefficient can be taken as equal to
Here, v, is the elementary cell volume, am§ andng are the  unity, we present the energy dependence of the imaginary
Fermi functions of electrons and holes. The spin quantunpart of the interband susceptibility and of the absorption co-

numbers are omitted for simplicity. efficient for parabolic bands in these two limiting casas
|
: hw—EyNn,T) |72 1
X' (@) ~ [Tg'l')] - (23
g\'h [exp({éi]e[ﬁw -E4(n,T)]- E,:}/T) + 1]

In the case in which the conservation law is obeyedrate calculation of Eq.25) we should know these wave func-
v=1, whereas in the absence of limitations on the momentajons. An approximate equation can be obtained by replacing
y=4. Eq. (25) by the Gaussian function that has a maximum when
In the intermediate case, in which the momentum-the kinetic energies of particles satisfy 1), i.e., at|E,|
conservation law is partially broken, the interpolation for- =(Me/my)E. By varying the broadening of this function, we

mula is transform the susceptibility dependence in the limits defined
by Eqg.(23).
, - R 0 h For a nonparabolic electron band the susceptibility can
X' (@) ~ pA(E)IE| dE p (El)‘I’E,El also be calculated through E@4). As demonstrated by Car-
Egn T - rier and We#’ the nonparabolicity leads to an enhancement

X 8[hw=Ey(n,T)~E+EfJ[1-n&T)], (24 in the energy dependence of the absorption coefficient as
compared with the parabolic electron band if the momentum-
where the square of the overlapping integral takes the formgonservation law is fulfilled. Calculations using E@4)
show that the susceptibility behavior can be characterized by
(25) the indexy=3 in Eq. (21) if the momentum-conservation
law is satisfied. The breaking of the conservation law leads
to a further enhancement of the dependence, though the dif-
and the wave functions of the electron and hgfér) and  ference between the two limiting cases is not as strong as
gﬂgl(r) are not characterized now by momenta. For an accuthat for the parabolic band.

2

Deg, = f dPryE(r) g ()
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The localized states of electrons are filled in materials of 2. Photoluminescence
the n type. Taking into account the localized states of holes,

. Considering recombination, it is necessary to take into
we transform Eqs(24) and (25) into J y

account, in addition to the factors that influence the absorp-

o o tion processes, the additional factors, i.e., the distribution of
¥'(w) ~J pe(E)dEf dE, Ph(El)‘DE,El photoholes and the electron-phonon interaction. The lumi-
0 Eg(nT) nescence intensity produced by electron-hole recombination
X fhw-EynT) - E+ El]ngl(G,T) can be represented as
X[1-ng(M], (26) lp(w) ~ f Pe(E)dEf dE; p"(EpPeg,
0 Eqg(n.T)
where now X dfiw — Ey(n,T) ~ E+E,]
2 X[1-nf (G, TIN&(T). (30)
Dee, = ‘ > f o gR(NYE ¢ (| - (27) = -
A Here,

Here, J&x:El(r) is the wave function of the holey is a 2

complete set of quantum numbers of the state, and the Pek, =
eigenvalues of the statg, are E;. The heavy-hole states
usually dominate in the interband absorption. The acceptos the overlapping integral between the electron and hole
states of the heavy hole only slightly restrict the possible setvave functions, including the localized acceptor states.
of electron states participating in transitions, because of a We can assume that the most effective electron-phonon
large difference in the effective masses of the electron anihteraction is realized in InN for the deeply localized states,
the heavy hole assumed for InN. The wave vectors of elecas in other semiconductors. In the spectra of the InN samples
trons allowed in this process are of the order pf studied the recombination of the deep acceptor states is the
< (2m\E;/%?Y2. The restrictions on band-to-band transitionsmost probable candidate for observing this effect. As shown
remain the same. in Ref. 15, the first stage of the energy relaxation of photo-
The electron-hole pair created by a photon is electricallyexcited carriers is very fast and can be attributed to the car-
neutral. The inhomogeneous distribution of dopants resultger interaction with longitudinal optical phonons. This fea-
in spatial fluctuations of the potential energies of an electroriure is shared by many other crystals. Therefore, we can
and hole. The changes in the potential energies of an electra@xpect an LO-phonon replica of the recombination band of
and hole in the field of an inhomogeneously distributedthe deep acceptor. This effect can be simulated as an addi-
electrical charge have opposite signs and do not alter théonal band inp"(E;) proportional to the electron-phonon in-
band gap, but do modify the degenerate-electron-densitieraction constant.
distribution, which becomes nonuniformg — ng[E-¢(r)],

i.e., the distribution becomes dependent on the potential |\, RESULTS OF CALCULATIONS AND DISCUSSION
energy(r),

> f &°r 2, 0L, e, (1)

AN\

(31)

The calculations of the PL spectra were performed
1 for a number of samples of different thicknesses having
e ' (28)  different electron concentrations estimated by conventional
expl[E - ¢(r) - u°liT}+1 . y \
Hall measurements. The major goal of the calculations
where u® is the chemical potential of the electron band. Di- Was to establish the origin of the PL and the InN fundamental
rect measurements have shown that a considerable baR@rameters that would be appropriate for the description
bending of InN samples takes plat®32According to Ref. Of the experimental data on photoluminescence and
32, the carrier concentration decreases roughly as the squaﬁ‘bsorptlon;
root of the sample thickness. The variable parameters were the band &gm,T) atn
The absorption coefficient for an inhomogeneous samplé0 andT=0, the electron effective mass at thepoint, the
can be written in terms of the averaged contribution of interfree-carrier concentration, the band-gap shrinkage from

nelE - &(n)]=

band transitions to the dielectric susceptibility, liquid-helium to room temperatures, and the binding energies
of shallow and deep acceptors.
X' () = X" (0,$)) 4, (29 In our analysis, the band gdf,(0,0) was varied from

0.665 to 0.675 eV. These values allowed us to describe the
where x"(w, ¢) is obtained from Eq(26) by substituting PL and absorption experimental data using the band-gap de-
nglE—¢(r)] for ng, and the angular brackets denote averagpendence on the electron concentration given by (EQ).
ing over the distribution of the values @f. It was shown However, further calculations showed that the band-gap
in Refs. 5 and 19 that an inhomogeneity of the samplesvalue must be matched with the band-gap shrinkage and the
produced by charge fluctuation influences the slopes odbinding energies of the acceptors. The band-gap-temperature
the high-energy wing of the PL band and the absorptiorshrinkage from liquid-helium to room temperatures had to be
threshold. taken in the limits 55—65 meV, depending on the band gap
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chosen. The acceptor binding energies of the model also dés the transitions of nondegenerate electrons from the bottom
pended on the band gap and were lying in the range obf the conduction band to the states of shallow acceptors.
50-60 meV for deep acceptors and 5—15 meV for shallowHowever, the assumption that the electrons are nondegener-
ones. The ratio between the effective masses of electron aradle seems to contradict the Hall data.
hole my/my, was taken to be 1:10. The second peak is likely to be attributable to the electron
A simultaneous fitting of the PL, absorption, and band-transitions to the deep-acceptor states, as suggested in Ref.
gap shrinkage leads to the conclusion that the band gap8.
E4(0,0) should be taken to be equal or less than 0.670 eV; The third feature is about 73 meV below the electron
otherwise the temperature shrinkage should be taken largeleep-acceptor transitions. This energy coincides with the
than 60 meV, i.e., too close to the value for the wide-gap_O-phonon energy, according to the Raman dat&io de-
GaN crystal(see, for instance, Ref. 10 scribe the third feature of the PL spectra, it is necessary to
If the band-gap values are chosen to be within the intervaiissume that the dimensionless electron-phonon constant is
0.665-0.670 eV, then the band-gap shrinkage betweer0.02, which corresponds to a weak electron-phonon inter-
liquid-helium and room temperatures should be restricted byction. This value was found to be nearly independent of the
55—-60 meV, and the energies of 50-55 and 5-10 meV focarrier concentration.
deep and shallow acceptors, respectively, are sufficient to The PL structure becomes less pronounced with decreas-
describe the PL spectra. In this case the role of the shallowng sample thicknesgccompanied by the concentration in-
acceptors can be attributed to the Urbach tail of the valencereas¢ and disappears from the spectra of the samples with
band with the appropriat&l}. An analysis of the PL and the Hall concentrations above #@m.
absorption spectra shows that the band gap at room tempera-
ture is about 0.6 eV. )
The model parameters used in the calculations, including®: TéMPerature dependence of the PL and absorption spectra
the nonparabolic effective mass, are summarized in Figs. The PL spectra of the samples of the first and second
12-14. groups exhibit a strong variability in the range between
The band gaps of 0.690 eV or 0.692 eV suggested itiquid-helium and nitrogen temperatures at a constant
Refs. 13-18 seem to be too wide, because these values cexcitation power(Figs. 1, 3, 6, and 8 The sensitivity of
hardly be reconciled with the relatively small band-gapthe PL spectrum to the temperature shows that the population
shrinkage observed in Ref. 13. of one of two types of carriers forming the PL band
The electron effective mass at tHé point equal to is strongly influenced by temperature. On the other hand,
0.07m, as suggested in Ref. 20r the value 0.08%, from  the Hall data give evidence that the electrons are still degen-
Ref. 9 can be considered as a best choice, though it leads terate. Then, the relative decrease in the high-energy
electron concentrations differing from the Hall datsee peak with temperature can be assigned to the redistribution
Table ). of the population between the shallow and deep localized
The Hall concentrations give at these conditions Fermstates of holes.
energies that are too high and do not correspond to the ob- Therefore, we can assume that the energy relaxation
served PL-band widths. Despite d&&? allowing one to  of photoholes is fast enough, so that it is possible to consider
assume a high-enough inhomogeneity in the surface or intethe hole distribution as equilibrium or almost equilibrium.
face layers, it looks reasonable to restrict the minimal con- The spectra transformations cannot be ascribed to the
centrations in the high-quality samples from below by thesimple thermal redistribution of holes between deep and
values on the order of 12210 cm™3, shallow acceptors at a constant chemical potential of holes.
At this restriction, the valuem:=0.042n, (Ref. 18 However, they can be produced by a simultaneous shift of
is acceptable to fit the PL-band shapes, though it leads"(G,T) toward the band gap. According to &), this fact
to noticeably stronger deviations of optical electronshows that the full relaxation time of hole$T) decreases
concentrations from the conventional Hall values than thewith increasing temperature. For the high-quality samples, at
larger m.. liquid-helium temperature and at the highest excitation
power appliedu(G,T) is several meV’s above the shallow-
acceptor level.
The PL-band shapes are influenced by the inhomogeneous
The PL spectra of the samples of the first and secondlistribution of electrons. This results in a difference between
groups demonstrate the structure characterized by thre@e observed slope of the high-energy wing of the PL band
stable features: the high-energy pdak the middle-energy in the low-temperature spectra and the slope that would
peakly, and the weak low-energy pedj,-LO (Figs. 1-3  follow from the Fermi function at a given temperature.
and 5-9. The high-energy peak is attributed to the Therefore, the observed slope at the liquid-helium tempera-
overlapping bands produced by two mechanisms, namelyure in the spectra of the high-quality samples corresponds
by the transitions of the degenerate electrons to shallowo an effective temperature equal to about 15 K. As a
acceptor and/or Urbach tail states and by band-to-bantesult, the effective temperature can be introduced instead
transitions. of the more complex averaging procedure of E2f). The
In Ref. 18 a similar feature of the PL spectrum for the difference between the real and effective temperatures
sample with Hall concentration 72710 cm3 is attributed  increases for the samples of the third group. This can be

A. Structure of the PL spectra
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attributed to the inhomogeneous distribution of the charggossible the use of the simpté(E) extrapolation for finding
density?8-32 the band-gap and the band gap shrinkage.

The PL spectra experience transformations when the An attractive idea to use the sigmoidal equatfi to
samples are heated to room temperature. A considerable shifescribe the spectral dependence of the absorption is also
and broadening of the PL band is accompanied by a disapinsuited for the accurate estimation of these characteristics.
pearance of the structure. The model calculations show thais 5 matter of fact, the absorption spectra of thick samples,
the temperature increase causes considerable broadeningssghilar to those presented in Figs(aB-3(c), demonstrate a

the electr_on and hole di_stributiomE_igs. 12 _and 18 In the point at which the Bregg interference disappears, which
high-quality samples, this results in a partial removal of the

electron degeneratiofsee Fig. 13 The thermal band-gap ifernztitgsb; ?L%S:Lé?:ttrge band gap than other possible char-

shrinkage shifts the PL band to low energies, while an in- An interesting feature of the room-temperature lumines-

crease in the kinetic energies of carriers produces effects of . : . .
the opposite sign. As a result of these two tendencies, thegence is the disappearance of any structure associated with

observed shift of the PL band can take different values fo?cCePtor and phonon replicas. This can be interpreted as a
samples of different qualities. result of a large dlfferencg between the densities of localized
The microscopic mechanism regulating the temperatur@nd band-hole states. Figure 4 demonstrates the results of
behavior of the PL-band shift is formed, on the one hand, bynodel calculations of the PL-band profile with and without
the difference in masses of the electron and heavy hole an@cceptor stategcurves 1 and 3, respectivelyTherefore, at
hence, by the different values of their thermal momentafoom temperature the major part of the photoholes occupies
p?:\;‘zmh'r andpS=+2m,T, respectively. On the other hand, the valence-band states, and the luminescence produced by
under these conditions, an important question arises as t6€ localized hole states is too weak to be identified.
whether the momentum-conservation law is obeyed in the
annihilation processes or not. Depending on this, the inter-
band transitions between states with different momenta can
be allowed or restricted. Figures 2, 7, and 9 demonstrate the dependences of the PL
For instance, the PL-band profiles pftype samples of spectra on the excitation power at nitrogen temperature for
GaAs and GaSb are strongly influenced by the restrictiorthe samples of the first and second groups. Qualitatively, the
following from the momentum-conservation law, as demon-changes in the spectra with decreasing excitation power are
strated by Titkovet al#! As a result, transitions involving similar to those occurring at rising temperature. The details
hole states with large momenta are suppressed. of the dependences can be understood by taking into account
An analogous restriction arises in samples refype  the correlations between the number of electron-hole pairs
InN if their quality is high enough. High thermal momenta excited by photons and, on the one hand, the number of
of hoIesp? corresponding to the maximum of their thermal localized hole states and, on the other hand, the number of
distributions prevent their annihilation with electrons free electrons.
whose momenta are of the order f or p$. In this case If the excited-pair concentration is comparable with con-
transitions of electron to the valence-band states with centration of localized hole states, but less than the electron
~ p® occur, and the PL-band position is affected, as temperasoncentration, then the behavior of the PL spectra can be
ture increases, by band-gap shrinkage and also by the highinderstood in terms of a shift of the hole chemical potential
energy shift of the electron distribution. On the other hand[see Eq(3)] due to the generation-rate alterations. It is worth
breaking of the law involves the thermal holes in recombi-noting that in the samples of high quality at relatively low
nation and additionally increases the PL-band energy byxcitations only the magnitude redistribution between two
~30 meV. The interplay of different factors influencing the high-energy maxima is observed, without any pronounced
PL-band position leads to a variability of the PL-band shiftshifts of the high-energy PL-band maximum. This can be
with temperature. interpreted as a manifestation of the population redistribution
The other circumstance worth noting is the dependence dietween the deep and shallow localized states of holes.
the PL-band maximum on the violation of the momentum If the excitation power is enhanced up to a level at which
conservation at a large difference between the electron arithe created electron-hole-pair concentration becomes compa-
the heavy hole masses even at constant temperature. Asrable with the free-carrier concentration, then the broadening
result, it can be expected that the PL band of the sampland the shift of the spectra can be observed as it is demon-
containing a higher concentration of scatterers will be shiftecstrated in Fig. 2.
towards higher energies at equal carrier concentrations and An excitation-induced increase of electron concentrations
temperatures. from 2.4x 107 at a low-excitation level to 4.2 101 cm™ at
Simultaneous fits of PL and absorption spectra at liquidthe maximum-pulse excitation is established for sample
helium, nitrogen, and room temperatures are presented i#s2060(see Fig. 2
Figs. 3a-3(c). The question arises as to whether it is pos- The PL spectrum of sample E233-5 with the Hall concen-
sible to find the band gap or the band-gap shrinkage directlyration 1.7x 10*® cm™3 given in Fig. 10 can be seen to ex-
from the spectra. Note that the nonparabolicity of the con-ibit another behavior. Only a small, high-energy shift of the
duction band, the influence of the band-filling effect, thePL band with increasing excitation power is observed. The
nonuniform carrier density, and the breaking of theincrease in the energy of the PL-band maximum points to a
momentum-conservation law in optical transitions make im-continuum spectrum of acceptor states, rather than a discrete

C. Dependence of the PL spectra on the excitation power
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increases as the sample thickness decreases. Nevertheless,
the PL spectra of the samples of this group at low excitation
levels can be described at the same electron concentration
(Fig. 5 and Table)lunder the assumption that there is a small
difference in the chemical potentials of holes.

The features of the PL spectra of two samples of the sec-
ond group are similar to those of the samples of the first
group[Figs. 69 and in Fig. 1dcurves 1 and g. The optical
data of these samples give increased electron concentrations

| (®) #Gs2055 | as compared with the samples of the first group. For the
: samples of the third group, the PL-spectrum structure is ab-
: 4 sent(see Fig. 10 and curves 3 and 4 in Fig).11

2

B

c

2 The electron concentrations derived from the PL data at
- 3 low excitations are always lower than the Hall concentra-
o 5 tions. Taking into account the inhomogeneous distribution of

the electron density in InN samplé&53? we can conclude

that the PL formation occurs in relatively deep layers where
the concentration is lower than the averaged value given by
the Hall experiments. Probably, the surface layer is charac-

terized by the hole lifetime, which is small enough as com-
I 1 pared with the radiative recombination time and is insuffi-
cient to form photoluminescence. The data on the mobility

©

decrease in near-surface lay@ré? indirectly support this
idea.

0.60 0.65 6.70 0.75 0.80

Energy (eV) V. CONCLUSIONS

FIG. 15. PL spectra of samples Gs2060, Gs2055, and E-233-5 at ) ) )
different excitation energies. Curves 1, 2, 3, and 4 were obtained 1he interband photoluminescence and absorption

with excitation energies 2.33, 1.55, 1.10, and 0.81 eV, respectivelysPectra g)fn-InN S&rg]ple_ss with electron Concemrations from
The spectra were detected with a InGaAs-detector. 3.6X 10" to 6x 10'® cm™® have been studied. The sample

thicknesses were in the range from 12 to Ow4ii. The well-

one, and it can be explained by the shift of the hole chemicalesolved structure consisting of three peaks in the energy
potential toward the valence-band top and the simultaneou$terval from 0.50 to 0.67 eV was observed in the high-
increase of the electron concentration. A strong influence ofiuality samples at liquid-helium and nitrogen temperatures.
the excitation power on the electron concentration was deWe attribute two lower-energy PL peaks to the recombina-
scribed in Ref. 16 for a sample with the Hall concentrationtion of degenerate electrons with the holes trapped by deep
1.3x10% cm3, acceptors and to the LO-phonon replica of this band. The

The measurements of the PL spectra were performed fdtigher-energy PL peak is considered to be a complex band
all set of the samples using the lasers operating in the energ@rmed by transitions of electrons to the states of shallow
range from 2.41 eV to 0.81 eV as excitation sources. Ouacceptors and/or the states of the Urbach tail populated by
results show that the PL-spectra shapes are affected by exdhotoholes and also by the band-to-band recombination of
tation density, rather than by excitation energy. For all excifree holes and electrons.
tation energies, the changes in excitation density result in the The strong dependences of the intensities of the two
redistribution of PL intensity between the band-edge-relatedtigher-energy PL peaks on the excitation power and tem-
peak and the impurity-related peak for samples of the firsperature have been found. The model approach that takes
and second groups. No changes were observed for the Pinto account the Urbach tails of the conduction and valence
band shape of the samples of the third group. These findinggands and the acceptor states has been developed. The con-
are typical of all direct-band-gap semiconductors. As an exduction band was assumed to be nonparabolic. The calcula-
ample, Fig. 15 shows the luminescence spectra of three Infions of the PL and absorption spectra have shown that
samples with different carrier concentrations obtained at fouthe band gap of InN in the limit of zero temperature and
laser energies. Each laser was adjusted to keep approX€ro electron concentration is close to 0.665-0.670 eV, and
mately the same excitation densitgbout 50 wt. % /crf).  the band-gap shrinkage from zero to room temperature

This excitation level corresponds to curve 2 on Fig. 2 for the Eq(0)~E4(300] is 55-60 meV. The effective mass of an
sample Gs2060. electron at thd” point was assumed to be about 0.07 of the

free-electron mass. The analysis of the optical data with elec-
D. Dependence of the PL spectra on the carrier concentration  tron massm;-=0.044n, leads to electron concentrations that
For the samples of the first group, the difference in theare much lower than those obtained from Hall measure-
concentrations obtained from the optical and the Hall dataments, especially for the high quality samples.
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