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Energy position of near-band-edge emission spectra of InN epitaxial layers
with different doping levels
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We studied the shape and energy position of near-band-edge photoluminescence spectra of InN epitaxial
layers with different doping levels. We found that the experimental spectra of InN layers with moderate doping
level can be nicely interpreted in the frames of the “free-to-bound” recombination model in degenerate
semiconductors. For carrier concentrations abmwe X 108 cm™2 the emission spectra can also be modeled
satisfactorily, but a contribution due to a pushing up of nonequilibrium holes over the thermal delocalization
level in the valence band tails should be considered in the model. The emission spectra of samples with low
doping level were instead explained as a recombination from the bottom of the conduction band to a shallow
acceptor assuming the same value of the acceptor binding energy estimated from the spectra of highly doped
samples. Analyzing the shape and energy position of the free-electron recombination spectra we determined the
carrier concentrations responsible for the emissions and found that the fundamental band gap energy of InN is
E4=692+2 meV for an effective mass at the conduction-band mininmg=0.042m;.
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For a very long time indium nitride has been regarded agm,,=0.042n,) is expected if the band gap is near to 0.7
a key material among group-IlI nitride semiconductors ow-eV.*®> The same value of the band gapy&0.69 eV) has
ing to its narrower band gap and smaller effective mass thabeen obtained in Ref. 12 by fitting the absorption spectra in a
those of AIN and GaN.With the recent breakthrough in InN lightly doped sampler{=3.5x 10*" cm™~3) with a sigmoidal
epitaxial technology and the discovery that the band gap ofunction which includes only the band tailing effect and does
single-crystalline layers is much lower than 1.9 eV as previnot involve any value for the effective mass. These authors
ously thought, interest in studying the properties of InN haspointed out that the energy position of the photolumines-
significantly increased. During the last two years a largecence peaks cannot be used for determining the fundamental
number of papers devoted to the growth and characterizatiopand gap. Recently, improved technolbypas allowed a
of InN have been publishedor a review see Ref.)2Nev-  growing of InN epitaxial layers with relatively low electron
ertheless, the question about the true fundamental band gapncentration, high crystalline quality, and well-defined light
E4 and the effective mass at the conduction-band minimunemission spectra. In addition, some detailed investigations of
mnO is still open and is an object of intensive theoreticalthe electrical propertié3® of InN give an opportunity for a
calculationd and experimental investigatiodst? The diffi-  more precise quantitative interpretation of near-band-edge
culties for a precise determination of the band gap from théuminescence spectra.
absorption and photoluminescence spectra arise from the fact In this work, we study the low-temperature emission of
that mostly samples with high doping concentration haveepitaxial InN layers with carrier concentration in a range
been studied where the effects of band filling, band nonpa?.7x 10—6x 10'® cm™3. We interpret the emission spectra
rabolicity, and electron-electron and electron-impurity inter-of such highly conducting layers in terms of the free-electron
actions play a significant role and should be properly acrecombination bandFERB) model, previously introduced
counted for. In Ref. 9, a value dE;=0.69 eV has been for other Ill-V highly doped semiconductors—i.e.,
extracted from the absorption and photolumlnescence spect@aAsl’8 InP® InSb? and GaN?! Analyzing simulta-
of samples with carrier concentration-6x 10 cm 2. The  neously the shape and energy position of the emission spec-
fitting of the spectra has been performed within the band-totra and taking into account specific peculiarities at both high
band recombination model with taking into account theand low doping levels we are able to determine the funda-
Burstein-Moss shift and band gap renormalization due tanental band gap for the electron effective mass in InN,
many-body effects. Although good agreement with experiwhich is found to satisfy Kane’s relation.
mental spectra was obtained, the value used for the effective The samples we investigate are grown(6601 sapphire
mass at the conduction-band minimunm,,=0.1m,, with AIN or GaN buffer layers by molecular beam epitaxy
strongly contradicts the universal Kane’s relatiom,§ (MBE) (samples 1-Band metalorganic vapor phase epitaxy
~Eg) predicting a band gap energy of 1.7 eV iifi,, (MOVPE) (sample 4. The samples are not intentionally
=0.1m, or, alternatively, a much lower effective mass doped having Hall-effect-measured electron concentrations
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trons in the conduction band, while their energy positions are
determined by the interplay between the equilibrium

Burstein-Moss shift and the effective band gap renormaliza-
tion.

In order to extract analytically the band gap energy we
simulate the experimental emission spectra using the general
expression for the intensity versus the photon ené(gy)
neglecting the energy dependence of the probability for ra-
diative transitiongt

(X3

06

PL intensity (arb. units)

1)~ [ 7| 0B (B Ern) 0B o(Ep—Ery)

E:G} E-G*EE, Eq X 8(Eqn—Ep—Eg—hv)dELdE,. 1)

05 06 07 08 Hereg,(E,) andg,(E,) are the density of statg®OS) in
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FIG. 1. Experimenta(symbols and calculatedsolid lineg PL rium Fermi-Dirac functionsEr, and EFp are the quasi-

spectra of samples 2 and 3. The inset schematically shows recoB-o mi levels. andE. is the fundamentalintrinsic) band gap
bination mechanism of degenerate electrons from the conduction- ’ 9

band DOS to the leveG* in the valence-band tails as used in the n (;het. pltj)re d jemlft:on(fjutt':tor. EThe ene{lgy-dtipendent
modeling. The energy positions of the best-fit valueggf Er, as conduction-band density of statgg(E,,), as well as the cor-

well as of the unperturbed conduction-band bottegrG* are responding electron effective masg(E,), is calcqlated in
also shown. the framework of Kane’s two-barid p model following Ref.

11. In the nonequilibrium Fermi-Dirac function of electrons

f, in Eqg. (1) we use the Fermi levelt,~E¢ corrected for
in the rangeny= (7.7 10""—6x 10" cm3 and thickness (i) the temperature of electrorgs which can differ from the
between 0.2 and 1.am (Table ). The details of the growth |attice temperaturd, (i) for electron-electron and electron-
process as well as some structural characteristics have begfpurity interactiong! and (jii ) the nonparabolicity of the
published elsewheré:* It should be noted that the mea- conduction-band DOS, which we also calculate in frame-
sured Hall concentrations are averaged on the sample thickyork of the two-bandk-p model. The valence-band DOS
ness and hence they could differ significantly from the value@p(Ep) is replaced by a Gaussian determining the tails deep
near the samples surfatewhich are in fact responsible for in the band gap through the root-mean-squames) impurity

the emission spectra recorded. potentialG (Ref. 21):

The photoluminescencéPL) measurements are per- )
formed atT=2 K with an excitation by a continuous-wave 4me age _
Ti:sapphire laser Xe,c=750nm) or Ar laser Xexc G=2ym eR. (NiR)Y  Re= T(nage) ve,
=514.5nm). Low excitation intensity is used in order to
ensure a nonequilibrium carrier density much lower than the € h?
doping concentration. The signal is detected by a BOMEM aBe:m m- (@)

DA8 Fourier transform infrared spectrometer equipped with
a liquid-nitrogen-cooled InSb detector. All samples showHere e is the electric permitivityRs is the Thomas-Fermi
emission bands around 0.7 eV. No emission at higher enepcreening lengthN;=[(1+K)/(1—-K)]n is the total ion-
gies is observed when exciting with the Ar laser. ized impurity concentratiorK is the compensation ratia, is

PL spectra of samples 2 and 3 are plotted in Fig. 1the extrinsic electron concentration, aag is the effective
(points. They both reveal a broad emission band with aBohr radius of electrons. The value Rf is smaller tharag,
maximum at 685 meV and 705 meV, respectively. The emisand thus the degenerate electrdnsth equilibrium and non-
sion band of the sample with a higher Hall concentration ofequilibrium) are free above the unperturbed bottom of the
electrons (sample 3 is broader, more asymmetric, and conduction band* The situation with the nonequilibrium
peaked at a higher energy position due to the strongdnoles is opposite; in Ill-V materials the effective Bohr radius
Burstein-Moss shift. Simultaneously the low-energy side ofag, is much smaller thaRRg due to the larger effective mass
the spectral band shifts to lower energy compared to sample, and the holes are, at least at not extremely high impurity
2, narrowing the optical band gap. Emission spectra withconcentrations and high temperatures, classically loc&fzed
such a behavior versus carrier concentration are typically obn the potential minima of the valence-band tails near the
served in highly conducting semiconducfdré! and they thermal-equilibrium level G* = —Ev+v2G—kT/2. As
are characteristic for “free-to-bound” radiative recombina- shown previously! the level G* plays role of the quasi-
tion of degenerate electrons from the conduction band withrermi level in the nonquasiequilibrium recombination FERB
nonequilibrium holes located in the valence-band tédlse  model and thus we can replace the valug&gf in the Fermi-
the inset in Fig. 1 The shape of the emission bands in theseDirac function for holed , by G*—i.e.,Eg,=G*. Since the
spectra closely reproduces the energy distribution of elecaonequilibrium holes are located in the relatively narrow en-
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TABLE |. Carrier concentrations of the samples measured by
the Hall effect and parameters obtained from the best fit of emissior ~ 10 E
spectra in the FERB model with effective masgy=0.042n;.

A

08l E,
Sample Ny Nopt  Eg atK=0 G*  Er(opy = degenerate band-to-
No. (cm 3 (cm3) (meV) K (meV) (meV) g o "pushed up” tails
. 06 G*
1 7.7%107 692-60 135 F | &
2 1.7x10' 3.6x10Y 690 006 285 355 & .,
3 6.0<10® 2.0x10'® 692 <0.01 55 93 g
4 6.0x10" 6.6x10'® 692+24 <0.01 94 164 2 oal

ergy interval deep in the band tails, they do not affect sig- oo}
nificantly the spectral distribution of the emitted light. There-
fore, the quantityg,(E,)fn(E,—Efr,) in Eq. (1) nearly
reproduces the shape of the FERB according to the uppe Energy (eV)
part of the inset in Fig. 1. The tergy,(E,) f,(Ep—Egp) in
Eqg. (1) determines mainly the energy position of the emis-
sion band related to the unperturbed fundamental band ga}cﬁﬁi
Eq via Eq.(2) (see the lower part of the inset in Fig.. 5o i The inset s th binati hani ¢ th
the FERB model includes a calculation of the spectral shapéne)' © \NSP" represerts the recom Ta 'on mechanism o the
. . ERB model “pushed up” from the leveb™*.
as well as analytical renormalization of the band gap due to
the presence of ionized impurities. In this case the energy
positions of both low- and high-energy slopes of the emis-analysis is given by the high-intensity part of the emission
sion band are sensitive to the electr@ramely, ionized im-  spectrum, in contrast to modeling of the absorption spectra,
purity) concentration. where the low-intensity part is used. Thus, a further precise
Further, we simulate the FERB emission spectra ofcalculation procedure, accounting for all fine effects, could in
samples 2 and 3 varying, ¢, andK and using the suggested principle ensure the best possible accuracy.
in Ref. 13 value of the electron effective mass at the The emission spectrum of sample(Big. 2, pointg is
conduction-band minimum ah,,=0.042n,. For the static broadened and centered at higher energy compared to the
permitivity the value ofe=14.6%, is used® wheree, is  Spectra of samples 2 and 3. The linewidth corresponds to a
the permitivity of free space. Assuming a zero compensatioftigher optical concentration determined in frames of the
ratio (first-order approximation the best fits of the spectra FERB model(see Table)l Simulating the FERB energy po-
are satisfied by values of the band gap of 690 meV and 69gition and assuming the same fundamental band Bap
meV, for sample, 2 and 3, respectively. The best-fit values of= 692 meV andm,,=0.042n, we found that the calculated
electron concentration and band gap resulting from the modspectrum(dashed ling corresponds in shape to the FERB
eling atK=0 are listed in Table I. Aiming at the best-fit model but it shows a low-energy shift of abalit=24 meV
procedure simultaneously for the two samples with the sameompared to the energy position of the experimental spec-
values of the band gap and the effective mass, we introdudgum. A possible explanation of this shift is that at very high
small compensation ratios &=0.06 for sample 2 an&k electron concentration the screening radiRs becomes
<0.01 for sample 3 and obtaif;=692 meV for both smaller even than the effective Bohr radius of holesy,
samples. The best fits for samples 2 and 3 are shown in Fignd the nonequillibrium holes are pushed up over the recom-
1 (solid lines. The obtained compensation ratios seem to béination levelG* in the valence-band tailésee the lower
realistic® and show that the simulation procedure is sensitivepart of the inset in Fig. 2 Further, assuming that the opti-
even for such low values d¢€. It is seen from Table | thatthe cally estimated electron  concentrationn,,=6.6
best-fit values of the electron concentratiag), are notice- < 10'® cm™° of sample 4(see Table)lis near the limit when
ably lower than the Hall-effect-measured ones; howeverRs<ag,, we estimate the value of the effective Bohr radius
they still correspond to a degenerate case since the Mottsf holes,ag,~2.6 nm, which leads to a hole effective mass
transition concentration is estimated to be aboyt,=5  of aboutm,=0.3m,.
X 106 cm™2 for my,=0.042n,. A possible reason for the  Figure 3 shows the measured PL spectrum of sample 1
difference between the Hall and optical values is most likelywith the lowest doping levelpoints. It consists of two
related to the thickness inhomogeneity of the electrical pabands: a high-energy bard centered at 672 meV and low-
rameters of the layers, as published previously for similarlyenergy oned\, at 605 meV. The emission spectrum of sample
grown InN layers’® We note that the calculated curves match1 does not satisfy the FERB model. First, we observe a dis-
very well the experimental spectra except for the lower-crepancy in the shape and low-energy shift of about 60 meV
energy range at low intensity. In this region, a contribution ofof the bandA; related to the calculated energy position for
additional deeper emissions could be expected, as discusséshnd-to-tails” recombinationdotted ling. Second, the full
below. Neglecting these emissions in the model does nowidth at half maximum(FWHM) of the experimental band
decrease its accuracy since the main contribution in theorrespondsif one assumes a FERBo a rather low electron

E-G*+A E
Gl ¥ f”
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FIG. 2. Experimental PL spectrum of samplésymbolg, cal-
lated spectrum in the framework of the FERB moctdshed
e) and corrected spectrum hy due to the high dopingsolid
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binding energy(up to 16 meV but simultaneously to a stron-
I ger increase of the band gapp to 760 meV and thus to a
/ T greater difference between the band gap energy and4gak
E, EFkT/2 . i making its explanation via “donor-to-band” recombination
J band-to-acceptors + ., | | even more contradictional.
E,| : foo For completeness of the analysis we performed modeling
of all the spectra varying the effective mass value from
: ; : 0.03mp to 0.15m;. It was found that the larger values of,
8. & Do yield a larger spreading of the fundamental band gap for
P : different samples—e.g., E;=700-710 meV—assuming
i ! M,o=0.10m,, while for m,;<0.04m, an unrealistic low
A, electron concentratiom& 10*° cm™3) is obtained. Thus, we
ook I tend to prefem,,=0.042n, as a more realistic value for the
_ Eke  EELE , . effective mass at the conduction-band minimum, which re-
05 0.6 07 08 sults in an analytically estimated fundamental band gap en-
Energy (V) ergy of 692 meV, in very good agreement with the value of
690 meV extracted from the absorption speétfaMore-
FIG. 3. Experimental PL spectrum of sampleisymbol$ and  over, this value in turn follows the universal,,~E, rela-
the spectrum calculated in the framework of the FERB modekjon for Kane'’s parameter of 14.6 é%In Ref. 11, a larger
(dashed ling The inset shows the recombination paths of bApd  \g|ye (M =0.07m,) has been estimated from the free-
and bandA, via shallow and deeper acceptors, respectively, used terier plasma reflection but assuming Kane’s parameter of
explain the experimental spectrum. The arrows show the position 010 eV instead. It is worth noting that due to the strong non-
By, as well as the values &y, andEn, related to the band edge. 5 apholicity of the conduction-band DOS, the accuracy of
the experimental determination of the electron effective mass
concentration of about$10'® cm™® and the electrons near m_; by the optically measured parameters in such highly
the emitting surface of the sample should not be degenerateghintentionally doped samples is, in principle, very low.
even at the assumed low effective mass. In order to resolve \We mention that in order to make the accordance between
the possible recombination path of baAd we estimate in  the experimental and calculated spectra even better, several
the approximation of a simple hydrogenlike model the bind-questions have to be further considered like the effect of
ing energy of the donor for electron effective masg,  strain, temperature, etc., but in our opinion they all, in prin-
=0.042n,. We obtainEp=2.66 meV andig,=18.4 nm ac-  ciple, do not discredit the model described here. Also, the
cording to Eq.(2). Such an extremely shallow donor state model seems to be applicable to explain most of the emission
makes it practically impossible to assume any donor-relatedpectra of InN reported recently in the literature after taking
recombination in the investigated samples. So based on thato account the respective corrections needed for any spe-
performed analysis of the experimental emission spectra, weific set of samples. For instance, our temperature-dependent
recognize the two bands observed in the emission spectrueasurements on samplénbt shown hergfully agree with
of the sample 1 as resulting from transitions of nondegenetthe results in Refs. 7 and 12; namely, the PL peak energy
ate electrons near the bottom of the conduction band to twghows a very weakabout 8 meY blueshift with increasing
acceptor levelsA; (shallow and A, (deepe). Having in  temperature frm 2 K to 100 K. Emission spectra with the
mind that the maximum of such an emission band corresame behavior have been reported for GaAs in Ref. 18. In
sponds to the difference between the band gap and acceptour opinion this shift is not unexpected for the FERB
binding energy Emax=Ey—Ea+kT/2) we estimate the bind- emission”?! It can result from an increase of the emitted
ing energy of the proposed shallow accepfoy as Ea; photon energy due to the temperature-induced pushing up of
=18 meV, in very good agreement with the value of 20 meVthe nonequilibrium holes located in the valence-band tails. In
of the calculated binding energy of a hydrogenlike shallowaddition, a decrease of the effective mass with increasing
acceptor with the above estimate effective mass, ( temperaturéobserved, for example, in GaAsould increase
=0.3mp). A deeper acceptor 0E,,=85meV can be re- the Fermi level in the degenerate samples. Both effects are
sponsible for the lower-energy emission basde the inset opposite to the commonly observed redshift of the band gap
in Fig. 3). The assumption of the presence of residual accepwith temperature.
tors agrees with the anticipated compensation introduced in In conclusion, we investigated the shape and energy posi-
the simulations of the FERB model for samples 2 and 3tion of the near-band-edge PL spectra of InN epitaxial layers
Moreover, the low-energy slope of the emission band ofwith different doping levels. The spectra were interpreted by
sample 3 is positioned in intensity over the calculated FERBa “free-to-bound” recombination mechanism with specific
curve, which could result from an overlapping with the  peculiarities for different carrier concentrations. An analyti-
emission. In order to verify the assumed recombination patlzal model for the line shape of the emission was proposed
of the emission band\; we run the calculation procedure and as a result of the fitting of the experimental spectra the
assuming different values of the electron effective massundamental band gap of InN was found to Bg=692
Mpo=(0.03—0.15)n, and/or varying the electric permitivity +2 meV for an effective mass at the conduction-band mini-
down to e=9.5¢(. Both variations lead to a higher donor mum of 0.042n,.
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