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Infrared reflection experiments were performed on wurtzite InN films with a range of free-electron concen-
trations grown by molecular-beam epitaxy. Measurements of the plasma edge frequencies were used to deter-
mine electron effective masses. The results show a pronounced increase in the electron effective mass with
increasing electron concentration, indicating a nonparabolic conduction band in InN. We have also found a
large Burstein-Moss shift of the fundamental band gap. The observed effects are quantitatively described by the
k- p interaction within the two-band Kane model of narrow-gap semiconductors.
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Wourtzite-structured indium nitride forms an alloy with The InN layer thickness is between 200 nm and ar8.
GaN. The alloy on the Ga-rich side is the key component ofAlthough most of the samples were not intentionally doped,
blue light emitting device$. Early studies of InN films free-electron concentrations ranging from 88" to 5.5
grown by the sputtering method have suggested a direct bang10"® cm™* have been found in these samples by Hall effect
gap of ~2 eV2? Very recently, optical characterizations of Measurements. Even higher free-electron concentrations
InN crystals grown by molecular-beam epitayiBE)*5 or ~ Were achieved by doping InN with Si. The free-electron con-
metal-organic vapor phase epitdxyave provided convinc- centrgtloniaof these dogpedi gamples varies between 1.0
ing evidence showing that the real band-gap energy of InN i< 10"° ¢cm > and 4.5¢10 cm™ . The details of the growth

actually about 0.7 eV at room temperature. This value i°rocess have been published elsewHérg-ray diffraction

close to the gap energy of 0.8 eV recently obtained by theo§tudies have shown that these InN epitaxial layers had a high

retical calculationé.The gap energy of InGaN ternary alloys :quahtyhand atljwurtzne sftructure I\IN|th g]lgl_fams per%epdlcu-
has been shown to cover a wide, continuous spectral ran gr to the substrate surface. Hall mobilities ranged from sev-

from the near infrared for InN to the near ultraviolet forq:"\er(rj-1| hundred up to 2050 &NS-' The samples were charac-

8 terized by conventional optical absorption and infrared
GaN. ) _reflection experiments. The optical absorption measurements
Egrly measuremertl)ts ojghe free_-electron effectlve mass i}ere performed using a CARY-2390 NIR-VIS-UV spectro-
heavily doped ¢>10°" cm ™) InN films have given a range photometer. The infrared reflection experiments were done
of values ranging from 0.1, (Ref. 2 to 0.24n,.° Arecent  on a BOMEM DAS8 Fourier transform infrare@FTIR) spec-
measurement of MBE-grown InN layers n£2.8  trometer with a resolution of 4 cn. All experiments were
X 10" cm™3) using infrared spectroscopic ellipsometry hascarried out at room temperature.
led to the value ofn* =0.14m,.%° The recently determined The surface reflection of extrinsic semiconductors in the
low value of the energy gap of InN puts in question and calldnfrared region by the free carrier plasma is frequently used
for a reevaluation of the previously determined effectiveto determine the effective mass of the free carrtéSimilar
mass. In addition, in the determination of the free carrierto the behavior of metals, extrinsic semiconductors strongly
effective mass from plasma resonance experiments, the efeflect infrared light below the plasma frequency. The free
fective mass is inversely proportional to the optical dielectriccarrier effective mass on the Fermi surface can be calculated
constant é..) as the plasma frequency is measufb@ihere- ~ from the plasma frequencyw) if the carrier concentration
fore, it is important to be careful with the choice of to  and the optical dielectric constant are knotfi;
comparem* obtained by different groups. ne

In this paper we report the results of our studies of the m* = 5. (1)
effective mass and the optical absorption edge of wurtzite £08-Wp
InN with different free-electron concentrations. We find that  Figure 1 shows, from the left to the right, the infrared
the lowest conduction band of InN is nonparabolic with thereflection curves of three InN samples with free-electron
electron effective mass strongly dependent on the electrogoncentrations(Hall mobility) of 5.5x10%¥cm 2 (615
energy. The optical absorption edge shows a concentratiogn?/VVs), 1.2<10°cm™2 (1070 cnf/Vs), and 4.5
dependent blue shift resulting from the Burstein-Moss effectx 10'° cm™2 (600 cnf/V s), respectively. The plasma reflec-
All these observed effects are well described by the twotion edge is clearly resolved due to the high electron mobili-
band Kane model for narrow-gap semiconductors. ties in these samples. It can be seen that the plasma reflection

InN films were grown or{0001) sapphire substrates with edge shifts by as much as 1000 chbetween these samples.
an AIN or GaN buffer layer by molecular-beam epitdky. We have used a standard complex dielectric function model
The thickness of the buffer layer ranges from 70 to 200 nmthat includes finite lifetime broadening to fit the reflection
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e points with concentration above #rm 3 are effective

InN, 295K mass values calculated from the plasma frequencies reported
in Refs. 2, 9, and 13 using.,=6.7. In contrast to most
semiconductors, the effective mass exhibits a strong depen-
dence on the free-electron concentration.

The electron concentration dependent effective mass sug-
gests a nonparabolic conduction band. The conduction-band
nonparabolicity in other narrow band gap semiconductors,
such as InSHRef. 14 and InAs(Ref. 15, has been recog-
nized and studied intensively. In these semiconductors, the
strong conduction-band nonparabolicity is attributed to the
k-p interaction across the narrow direct gap between the
conduction and valence bands. The nonparabolic dispersion
relation has been calculated by Kane using-p perturba-
tion approach? We have applied Kane’s method to InN with
a narrow band gap of 0.7 eV. Since the spin-orbit splitting

FIG. 1. From left to right, infrared reflection curves of three InN (A, ) and crystal-field splitting 4., in the valence bands
samples with free-electron concentration ofX 8E*® cm™? (thick-  are extremely small for group Il nitridé$,we assume them
ness 250 ni 1.2<10"cm ® (thickness 7.5um), and 4.5 to be practically zero in InN. This approximation is used to
X 10'? cm* (thickness 1.5um), respectively. The second and third estimate the perturbation of the lowest conduction band by
curves are vertically offset by 0.2 and 0.5, respectively, for clarity.the valence bands. Neglecting further perturbations from re-
The solid lines are theoretical fits using a standard complex dielecmote bands, an analytical form of the conduction-band dis-
tric function model. All experiments were performed at room tem'persion is obtained by solving Kane's two-baadg model4
perature.

h2k?
curvest! The results are shown as solid curves in Fig. 1. For ~ Eq(k)=Eg+ =—+ = | \/ E34+4Ep=—~ EG), 2
thick samples with Febry-Perot oscillations, we have also 2mg - 2 2Mg
taken into account the optical interference occurring in theyhereEg is the direct band gap energy, aBd is an energy
epilayer. The plasma frequency and the damping paramet@arameter related to the momentum matrix element,
obtained from the fits are 950 and 100 tm1240 and 60
cm !, and 1980 and 250 c for these three samples, re-
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The electron effective mass calculated from these plasma ) ) )
frequencies is plotted as a function of the electron concen! he density of states effective mass is tikedependent and

tration in Fig. 2. In the calculation, a recently reported iso-given by’

tropically averaged value of the optical dielectric constant,
£,=6.7, was used’ Also shown in Fig. 2 is the result from
Ref. 10 measured with a MBE-grown InN film. The three
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4

The Fermi level is given by the dispersion energy in Ej.

04 N @ 295K ¢ 6.7 evaluated at the Fermi wave veclq;=(3772_n).1’3, neglect-
0.35 [ ne ] ing the thermal broadening of the Fermi distribution. We
® this work have calculated the effective mass as a function of electron
031 T e ; concentration in this model using a band-gap enefgy
o5 [ | & Retii3l =0.7 eV andEp equal to 7.5, 10, and 15 eV, respectively.
g - ngfg:wev v The results are compared with experimental data in Fig. 2. It
o 02F | -—cCal, Ep=15ev ] can be seen that although the effective mass data were re-
£ o015 — cal. Fos7 5y P ] ported by different groups on InN films grown by different
’ methods, the calculation usirigs= 10 eV shows reasonably
(oS T ] good agreement with all the measured data points. For com-
.2 parison, we note thdp values for wurtzite GaN as low as
0.05 =~ 1 7.7 eV (Ref. 18 and as high as 14 e\Ref. 19 have been
, ‘ reported in the literature. The extrapolation of the curve leads

0
10'"®

‘ 10'°
N (cm™®)

to an effective mass of 0.@%, at the bottom of the conduc-
tion band. This value is much smaller than the effective mass

FIG. 2. Free-electron effective mass as a function of electrorPf 0.22M, for GaN;* but is close to 0.08y, for InP (Ref. 19
concentration. The three points beyond®l€m 2 are effective  that has an almost two times larger band gap.
mass values calculated from plasma frequencies reported in Refs. 2, The nonparabolic dispersion relation of the conduction
9, and 13 using..=6.7. The curves are calculated dependencedand also results in an increase of the density of states from
based on Eq(4) using differentEp values. that of a parabolic band. It means that the Fermi level rises
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R g wherekg= (2/\/7) (ke /ag)Y? is the Thomas-Fermi screen-

] ing wave vectorgg is the static dielectric constant, aag

E =0.5%gmy/m* is the Bohr radius measured in A. The con-
W o9 _ tribution of the electron-ion interaction to the conduction-
band shift can written as
0.8 ]
AE 47re’n ©
0.7 E b el SSaBk%:.
10‘18 | 1c;19
n (cm?) Both effects are negligible at low electron concentrations.

They become quite significant at higher electron concentra-
FIG. 3. Room-temperature absorption edge as a function of freedons, resulting in a red shift of approximately 0.15 eV per
electron concentration. The solid line is the calculated band gaplecade of change af beyond~ 10'° cm™3. The calculation
assuming a nonparaboli€g= 10 eV) dispersion for the conduc- shows good agreement with the measured absorption edges,
tion band and including the band-renormalization effects. Thegs indicated by the solid curve in Fig. 3. It should be noted
dotted-dashed line is the same calculation but without including thghat in the calculation no parameter has been adjusted to
band-renormalization effects. The dotted line is the result of a calychieve the good fit. All the values of the paramet@ss,
culation assuming a parabolient =0.07my) conduction band. In- Ep, Eg, ande..) used in the calculations of the absorption
set: absorption(squaredi curves for four samples with different o446 have been determined independently. The results of cal-
free-electron concentratiorii cm™). culation excluding the band-renormalization effects are also
shown as dotted-dashed line in Fig. 3. It can be seen that the
increase of the absorption edge energy with electron concen-
) ) o ~tration is too fast as compared to the experimental data if the
less rapidly as the lowest conduction band is filled up withgectron-electron and electron—ionized impurities interac-
electrons. To explore this effect, we have measured the opttjons are ignored. To show the importance of the nonparabo-
cal absorption edge of InN films with a wide range of free-|icity of the conduction band on the Moss-Burstein shift, we
electron concentrations. Typical absorption cur(@ssorp-  nhave also calculated the absorption edge as a function of
tion coefficient squaredare shown in the_ inset of Flg. 3.1t assuming a constant electron effective mass of rg0for
can be seen that although the conduction band is nonpargse conduction band. The results shown as dotted line in Fig.
bolic, the absorption can still be approximated by a squares jngicate that the conduction-band nonparabolicity has to be
root dependence within-0.05 eV above the onset of the {aken into account to explain the experimentally observed
absorption. We extrapolate the linear part of the squared al%tbsorption edge shift in InN.
sorption down to the photon energy axis to determine the | symmary, we have measured the free-electron effective
absorption edge. A strong Burstein-Moss shift of the absorpmass of InN using plasma reflection in the infrared spectral
tion edge with increasing carrier concentration is observedfegion_ We have found the effective mass to be electron con-
The dependence is plotted as solid circles in Fig. 3. centration dependent. The dependence can be well described
The absorption edge corresponds to the energy of the phgyy, assuming a nonparabolic conduction band due to the
tons that make v_ertical trqnsitions from _the upper valencep(,p interaction between the conduction band and valence
band to the Fermi surface in the conduction band. The elegs3nds. The Burstein-Moss shift of the absorption edge has

tron concentration dependence of the absorption edge Wa§so heen measured and found to be consistent with the non-
calculated based on the nonparabolic dispersion relatiogarapolic conduction-band model.

given by Eq.(2). In the calculation, the upper valance band
involved in the transition is assumed to be parabolic with the We thank H. Silvestri for his technical help with the FTIR
hole effective mass equal to the free-electron mass in thepectrometer. This work was supported by the Director, Of-
vacuum?® fice of Science, Office of Basic Energy Sciences, Division of
We have also taken into account the conduction-band/aterials Sciences and Engineering, of the US Department
renormalization effects due to the electron-electron interacef Energy under Contract No. DE-AC03-76SF00098. The
tion and the electron-ionized impurity interactitnThe  work at Cornell University was supported by ONR under
conduction-band shift resulting from the electron-electron in-Contract No. N000149910936. J. Wu acknowledges support
teraction is given by from US NSF Grant No. DMR-0109844.
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