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Effects of electron concentration on the optical absorption edge of InN
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InN films with free electron concentrations ranging from mid-1® mid-1¢° cm 2 have been
studied using optical absorption, Hall effect, and secondary ion mass spectrometry. The optical
absorption edge covers a wide energy range from the intrinsic band gap of InN of about 0.7 to about
1.7 eV which is close to the previously accepted band gap of InN. The electron concentration
dependence of the optical absorption edge energy is fully accounted for by the Burstein—Moss shift.
Results of secondary ion mass spectrometry measurements indicate that O and H impurities cannot
fully account for the free electron concentration in the films. 2804 American Institute of
Physics. [DOI: 10.1063/1.1704853

InN is an important component of the widely used groupnitridation followed by deposition of a thif<50 nm) low-
[lI-nitride alloys. However, it is also the least studied end-temperature InN or GaN buffer layer. Although most of the
point compound of these alloys. Until recently, the band gapamples were not intentionally doped, free electron concen-
of wurtzite InN had been believed to be about 2 eV. Thistrations ranging from 3810 to 5.5<10'® cm 2 have
value was determined from the optical absorption edge obeen found in samples of set | by Hall effect measurements.
sputter-grown InN films which had high electron concentra-Samples in set | which were doped with Si had even higher
tions (>10 cm™3) and low electron mobilities<100 free electron concentrations ranging from X 10'° to 4.5
cm?/Vs) 2% Recent experiments performed on high-quality x 101° c¢m™3. All the samples in set Il were not intentionally
InN films grown by molecular-beam epitaxyBE) have doped. Free electron concentrations ranging fromk3.g
shown unambiguously that the fundamental band gap of InNo 4.5< 10?° cm™2 were obtained by varying the residual
is about 0.7 eV;* which is almost three times smaller than H,0 and Q levels in the growth chambéiX-ray diffraction
the previously accepted value. The origin of this large dis-studies have confirmed that all InN samples studied were
crepancy is still unclear. Explanations that have been prowurtzite epitaxial layers with the orientation relationship
posed include: free electron induced Burstein—Moss §hift,|nN(000])//A|203(0001) or |n|\|(11_m)//A|203(10I0)_
formation of large-band-gap indium oxynitride in the sputter-Ha|| mobilities range from~600 up to 2000 cAiVs for the
grown films, and quantum-size effects in InN nanocrystalssamples of set | and from50 to 500 cri/Vs for the set II
that could raise the gap enerdy. samples.

In this letter we present systematic studies of InN films  The optical absorption measurements were performed at
grown by MBE that show various optical band gaps rangingoom temperature using a CARY-2390 NIR-VIS-UV spectro-
from 0.7 to 1.7 eV. The increase in the Optical band gap i%)hotometer. Secondary ion mass Spectrom@‘ws) ex-
closely correlated to an increase in free electron concentraseriments were performed using a Cameca IMSréagnetic
tion. We show that the shift of the absorption edge can beector instrument with cesium primary beam and detection of
fully explained by the Burstein—Moss effect. We also discuso~, H~, InN~ negative secondary ions. SIMS standard
the relation between the electron concentration and the CORamples were prepared by implanting oxygen and hydrogen
centrations of O and H determined by secondary ion masgt controlled doses into a thick, undoped InN film=(3.5
spectrometry. . _ X 10 cm™3). The ion yield obtained from the standard

Two sets of InN films were grown on sapphire substrategample was used to calibrate the O and H concentrations in
by MBE in two different laboratories. Details of the growth gther samples.
for sample set | were reported in Ref. 6. The InN layer thick-  Figure 1 shows the absorption curves of four represen-
ness ranged from 200 nm to 7:8n.° The second sample set tative InN films. The two curves with lower absorption edges
(set ) was prepared by dc plasma-assisted MBE at substratge from set | samples and the other two are from set II
temperatures from 450 to 550 °C and growth rates-0f3  samples. In all cases, the absorption coefficient rises to above
pm/h, yielding InN layers of thickness 0.5-1.0m. For the 55 10* cm™! for a photon energy of-0.5 eV above the
set Il films the nucleation procedure began with sapphirgyhsorption edge. The absorption edge energy or optical band
gap,E.ns, Was determined by extrapolating the linear part of
dElectronic mail: wwalukiewicz@Ibl.gov the squared absorption curves down to the baseline. The op-
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8 ] band of InN is highly nonparabolic due to tkep interaction
o o ] across the narrow direct gap between the conduction and
7L |7 4.5x10%em /1 valence bands. The nonparabolic dispersion relation for the
6h -~ 1.8x10%m> ._.--" ] conduction band has been obtained from Kane’s two-band
| ——4.5x10"%cm* A k-p model®
(A — 18 -3 ! I b
5t 1.7x10"%cm / / ] B 1 —
/ H 2
Ec(k)=Eg+ 5—+ = | \|E53+4Ep- =——Eg],
7 /! / ] c(k)=Ee 2m, 2 G P 2m, G)

; i ] (1)
whereEg~0.7 eV is the intrinsic band-gap energy, aBgd

absorption coefficient (1 0*cm™)

)/ / ] =2|(S|P|X)|?/my=10 eV is an energy parameter related to
,' ;,-’ ] the interaction momentum matrix element. Due to the Fermi
’ st exclusion principle, optical transitions can only occur for
A ot wat it L photon energies higher than the energy needed for electrons
06 08 1 12 14 16 18 2 22 to make vertical transitions from the valence band up to the
E (eV) Fermi surface in the conduction band. The increase in Fermi

FIG. 1. Absorption spectra of InN films with different free electron concen- e!ﬂergy _Wlth |ncr.eaS|.ng electron concentration is g|v§n by the
trations. dispersion relation in Eq(l) evaluated at the Fermi wave

vectorkg=(372n)Y3, This approach assumes a strongly de-
tical band gaps obtained are plotted as a function of fre§€nerate electron gas and neglects the thermal broadening of
electron concentration in Fig. 2. The error of the Hall effecttn® Fermi distribution. We have calculated the absorption
measurements is less than 10%. Combining this with th&d9€ for a wide range of electron concentrations using this
uncertainties in determining the film thickness, we estimatén@del. In the calculation we have also taken into account the
the error of the electron concentration to be less than 209 conduction band renormalization effects due to the electron—

A strong Burstein—Moss shift of the absorption edgeelectron interaction and the electron-ionized impurity

. . 5 . .
with increasing carrier concentration can be clearly seen iffteraction” The results are in good agreement with the mea-
Fig. 2. Interestingly, the two sets of data points that covefUred optical band gaps, as indicated by the solid curve in
mostly different electron concentration ranges connect very'9- 2. The dashed curve is the calculated absorption edge
well on the plot. The optical band gap varies continuously®N€rdy assuming a parabolic conduction band, which shows
from ~0.7 eV, the intrinsic band gap of InN, te1.7 eV for & Burstein—Moss shift too fast to describe the experimental
the sample with 4.5 10%° cm 2 free electrons. This maxi- data. _
mum value is close to the previously accepted value of the It has been proposed that the large discrepancy between
band gap of INN(~1.9 eV) obtained from sputter grown, the prev_|ously measured large band gap of InN and the re-
degenerately doped InN films. Some previously reported€ntly discovered narrow band gap could be due to the for-
data points adopted from the literature are also shown in Fighation of indium oxynitride alloys in older sputter-grown
28 Altogether, these data obtained from different sample setd/Mms, since sputtered films often Oco.ntam high levels (;)f o
show a consistent electron concentration dependence of tf@ntamination that can be over 10% in some extreme cases.
optical band gap. Assuming a linear composition dependence of the direct

In Ref. 5 we have shown that the lowest conduction®@nd gap of the alloy formed by InN and,; [direct band
gap~3.2 eV (Ref. 10] we find that the highest band gap of

25 R o 1.7 eV observed in our samples would require an alloy with
, 40% In,O5, corresponding to an oxygen concentration above
InN, 295K 10??> cm 3. Clearly such high levels of O contamination are
% ) e sample set | <> 1 not expected in MBE grown InN and are highly unlikely
~ | 2 lTnushirna . o even for sputtered samples.
e M A To further elucidate the origin of band-gap variation, we
g L | v samplesetll have performed SIMS experiments on selecteat, inten-
g 15F _zz'r“;}":trngnc A tionally dopedfilms. In addition to oxygend! hydroged?*3
5 i e ca,(;jated, has also been suggested as a possible donor in InN. Consid-
g parabolic ering the growth process, these two elements are the most
§ 1 1 likely candidates among possible donor contaminants. In the
© r inset of Fig. 3, a set of SIMS curves obtained from a film
with n=5.5x 10" cm™3 is shown. It can be seen that both
05 .. , ] the O and H concentrations are lower than the free electron

1017

FIG. 2. Energy of optical absorption edge as a function of free electront
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concentration. The average concentration is obtained by in-
tegrating the concentration curve over the depth and dividing
by the film thickness. In Fig. 3 the average O and H concen-

. , , ‘trations are compared with electron concentration for all
concentration covering three decades of change. Some previous data points . .
are also showr{Ref. 8. The solid curve shows the calculated optical ab- measured samples. There is an overall trend of higher O and

sorption edge.

H concentration for the samples with larger free electron
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on the electron concentration and varies between 0.7 and 1.7
eV. The variation in the absorption edge can be fully ex-
plained by the effect of Fermi level increase as a result of
free electron doping. An analysis of the SIMS results shows

W(E) that oxygen and hydrogen doping cannot fully account for
st the free electron concentration, suggesting an important role
% of native defects. Also the results exclude the possibility that
£ O alloying effects could explain the observed changes of the
8 absorption edge energy.
8 After the completion of the manuscript, we noted a most
o] T 210" n=55x10%em W\ |102= recent paper by Bhuiyast al. that relates the variation of
1074 / 10 0 absorption edge of InN to the Burstein—Moss effécOur
" 0 g:pthoiﬁ m)1-2 work shows specifically the quantitative agreement between
10 06 08 1 1i2 14 116 18 the Burstein—Moss effect and the experimental data over the
absorption edge, E___ (eV) full range of 0.7-2 eV. By SIMS experiments we also clari-

fied the insufficient roles of O and H impurities as donors in

FIG. 3. Free electron concentration shown in comparison with oxygen andnN.
hydrogen concentrations. The inset shows the SIMS data of an InN film with
n=5.5x10" cm3. The authors thank Dr. K. M. Yu, J. W. Beeman, and Dr.

E. Kaminska for assistance with SIMS measurements. This
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