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Temperature invariance of InN electron accumulation
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The temperature dependence of the electron accumulation at cle#@0BIN (1< 1) surfaces has been
investigated by high-resolution electron-energy-loss spectroscopy. Semiclassical dielectric theory simulations
of the energy-loss spectra at 295 K and 565 K along with solutions to the Poisson equation enable carrier
profiles of the near-surface region to be determined. These measurements reveal similar electron accumulation
for both temperatures. The surface-state density, and the surface Fermi leveErs, were found to be
independent of temperature, wil~ 2.4x 10*2 cmi? and Egs~ 1.5 eV above the valence-band maximum.

The slight difference in the carrier profiles between the two temperatures can be accounted for by the change
in the electron screening length. This is a consequence of the reduction in the band gap that results in a
decrease in the electron effective mass with increasing temperature.
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I. INTRODUCTION tronic properties with temperature. Additionally, the natural

It has been reported recently that InN surfaces naturallf'€ctron accumulation at the surface allows good Ohmic con-
exhibit electron accumulatiol? This is consistent with tacts to be formed? Both properties are beneficial for de-
band-structure calculations, which have revealed an unusiyice operations, but further understanding of the surface
ally low conduction-band minimum at thE point34 This  €lectron accumulation is required. In this paper, we investi-
minimum allows donor-type surface states to exist in thegate the near-surface space-charge properties ¢DB0N) at
conduction band, into which they emit their electrons, giving295 K and 565 K.
rise to electron accumulation at the surfacé.

Due to the problems encountered when attempting to
grow InN layers thicker than Lm,” most of the studies so Il. EXPERIMENTAL DETAILS

far have been carried out on thin films. Generally, single- Experiments were undertaken using a conventional

field Hall measurements are used to determine carrier CONjitrahigh-vacuum chamber equipped with low-energy elec-
centrations, but these measurements on thin films have begp diffraction(LEED) and HREELS(\VSW Ltd., UK). Sur-
dominated by the accumulation. Therefore, such measurez ., preparation was carried out using a TC-50 thermal
ments provide only an average value for the carrier concens ,cker (Oxford Applied Research, UK INN(0001 thin
tration. Multiple-field Hall measurements and the applicationfiImS were grown to a thickness of, 1500 nm by migration-
of quantitative mobility spectrum analysis are required 05 nhanced gas source molecular-beam epitaxy on top of a
account for the parallel conduction in the surface and bul 00 nm GaN buffer layer. A further 200 nm AIN layer was
layers to obtain the true bulk sheet carrier density an rown between the buﬁer.layer and thelane sapphire sub-

=
mobility. strate. The InN layer was unintentionaliytype doped. De-

An ?Iternatlvet approa;EEli; hlgh—resollitlotn ec;eCtron'tails of the growth can be found elsewhéfeSingle-field
energy-loss spectroscoyi S, a noncontact and non- Hall measurement indicated an average conduction electron

destructive probing technique that can be used for studyingensity n, of 1.83x 1088 cni2 and an average mobility of

the semicond_uctpr space-charge region. HREELS probes _”19200 cnt Vsl The polarity of the InN film was deter-
qolle(.:tlv.e excitations near t.he §urface and is capable of .d'sﬁwined by coaxial impact collision ion scattering spectros-
tinguishing between contributions from the accumulation
layer 'and th'e bulR:*=1 Sim.ulations Of. the HREEL spectra 54" simulations of different volume ratios 00001 and
combined with charge-profile calculations enable the surface  ~— . ) ,
Fermi level, band bending, and the surface-state density to JQ00Y domains revealed that the InN films are mainly In
determined. Knowledge of these properties is essential iRC1&rity or(0003), but with approximately 25% N polarity or
achieving a full understanding of InN and InN-based de-(0001) material*®
vices. However, the effects of temperature on these funde- The HREELS experiments were performed using a specu-
mental parameters have yet to be explored. lar scattering geometry with an incident and scattered polar
InN is potentially a suitable material for midinfrared de- angle of 45°. The HREELS spectrometer consists of two
tection over a wide range of temperatures. The small temhemispherical electron energy analyzers, one used to mono-
perature dependence of the band gap compared to similahromate the incident electron beam and the other to energy
narrow-gap materiaté13 results in little change in the elec- analyze the reflected beam. The resolution of the HREEL

copy (CAISISS. Comparisons between experimental data
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te. 45eV (T =565K)

spectrometer is determined by the full width at half maxi-
mum of the elastic peak, which was found to k&3 meV.
Following insertion into the HREELS chamber, InN sur-
face preparation was achievéd situ by atomic hydrogen
cleaning(AHC) in order to remove the atmospheric contami-
nants. The more conventional method of ion bombardment
and annealingIBA) is not well suited to the preparation of
InN surfaces since donor-type defects are created by IBA.
This enhances the already high conduction electron density,
as seen previously in InAsHowever the preparation of
InAs using AHC has been shown not to affect the bulk elec-
tron density’'6 since thermal atomic hydrogen sources pro-
duce hydrogen radicals whose energies are less than'i eV.
The sample was initally cleaned at 295 K for 8 kL of &hd
then heated to 450 K for a further 8 kL of,HAfterwards,

the sample was annealed for 1 h at 575 K. The([.m(l)]). FIG. 1. Specular HREEL spectra recorded at 295 K and 565 K
samples produced @ X 1) LEED pattern after cleaning, in- fom an atomic hydrogen cleaned 1(0001)-(1 X 1) surface with
dicating a well-ordered surface. The removal of atmospherigcident electron energies of 15 and 45 @oints and the corre-
contaminants was confirmed by HREELS, due to the absenagonding semiclassical dielectric theory simulati¢sslid lines.

of vibrational modes associated with adsorbed hydrocarbons

and native oxides. ures 1 and 2 can then be understood in terms of a higher
plasma frequency nearer the surface for both temperatures,
thus indicating the existence of electron accumulation near
) o the surface.

In HREELS, a monoenergetic beam of electrons impinges {REELS simulations are calculated using a wave-vector-
on the samples surface, and the scattered electrons are enefiBhendent dielectric functidi:22 A five-layer model was
analyzed. The majority of the probing electrons are elastiyseq to simulate the HREEL spectra recorded at each tem-
cally scattered, giving rise to a peak at zero 10ss energyperature. The individual layer properties are summarized in
Other energy-loss features in the spectra are associated Wifipje | for both temperatures and show slight differences
the energy exchange between the collective excitations of thgatween the two models. Plasma dead layers of 3 A and
conduction electrons and the lattice with the inelastically3 g A were required for 295 K and 565 K, respectively. For
scattered electrons. Investigations of surface plasmons agg.-umulation layers, a dead layer is required to account for
useful in semiconductor materials as they provide informaype quantized nature of the electron wave functions. This
tion about the electronic properties. This is achieved by varyreflects the effect of the potential barrier formed at the sur-
ing the probing energy of the electrons, which allows infor-tace resulting in a boundary condition on all the wave func-
mation to be obtained from the entire space-charge région.tions, which suppresses the carrier concentration near the

An example of normalized HREEL spectra recorded fromgy,rfa¢el0.23 The carrier concentration tends to zero over a
a clean InNOOOJ) surface at 295 K and 565 K at two differ- ength approximately equal to half the average de Broglie
ent probing energies, along with semi-classical dielectric
theory simulations, is shown in Fig. 1. Two distinct features 260
are observed in the HREEL spectra. The first loss feature at
~66 meV is assigned to Fuchs-Kliewer surface-phonon
excitationst® The second loss feature &#200—250 meV re-
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sults from conduction-band electron plasmon excitations.
Both the 295 K and 565 K data sets show a decrease in
plasmon peak energy with increasing probing energy. The
plasmon peak dispersion for a larger set of probing energies

shows the same trend at both temperatures, as shown in Fig.

2.

The higher probing energies correspond to deeper probing
depths. The variation in probing depths arises from the long-
ranged electric fields associated with surface excitations. The
field exponentially decays from the excitation into the
vacuum in the form exp-q;z), whereq; is the wave-vector
transfer parallel to the surface amds the depth of the exci-
tation. By varying the kinetic energy of the probing electron,
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FIG. 2. The surface plasmon peak, energy-dispersion

the inverse of the wave-vector transfer parallel is changedurves for both 295 K(solid line) and 565 K (dotted ling. The
thus enabling the probing depth to be vart@d?2°In this  plasmon peak positions were obtained from the HREEL spectra
case, a maximum probing depth of 200 A is achieved. Figrecorded from atomic hydrogen cleaned (6R01)-(1x 1) surface.
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TABLE I. The plasma frequency profile used in the dielectric theory simulations of the HREEL spectra
for both 295 K and 565 K.

Layer 1 2 3 4 5
T=295 K

d(A) 3+0.5 3.5+0.5 8.0+1 25+2 oo

wp (MeV) 0 446+10 328+2.5 248+1.5 192+1
T=565 K

d(A) 3.8+0.5 6.0+0.5 8.0+1 25+2 ©

wp (MeV) 0 415+10 328+2.5 254+1.5 192+1

wavelength of all the electron wave functioffsThree fur- mental band gap, due to the Burstein-Moss effect, which
ther layers of enhanced plasma frequency were needed tocreases the energy of the optical transitions. At the same
reproduce the plasmon tail at high loss energy. Finally, a bulkime, band renormalization shrinks the band gap, which fur-
layer with a plasma frequency of 192 me¥or both tem-  ther complicates the situation. In our work, the value re-

peraturesreproduced the plasmon peak position.

ported by Wu et al. was used, with theEy(T=0K)

=0.69 eV and the Varshni parametefs;0.41 meV/K and
B=454 K12 This gives intrinsic band-gap values of

IV. THEORETICAL CALCULATIONS

In order to interpret the HREELS simulations for both

temperatures, it is necessary to calculate the semiconductd ’
statistics, that is, the plasma frequency and electron effectiv@

mass at the Fermi level as a function of the electron concerf2 . . ) .
éla| INN by Kasicet al, estimated an isotropically averaged

tration. The two main parameters required to calculate th

conduction-band dispersion are the band-edge effective’ . .
sis and Hall measurementslmprovements in the crystalline

mass,m, and the band gafk,.

The band gap of InN has been recently revised from th
previously accepted value of 1.89 @Ref. 25 to the now
accepted value of around 0.7 €¥%2° The revision in the
band gap has been attributed to improvements in the qualit
of InN growth. Earlier growths of InN may have suffered
from oxygen incorporation. Optical measurements hav
shown that the absorption edge blueshifts with increase
oxygen incoporation, in some cases up~t@—3 eV Ad-
ditionally, the high carrier concentrations of most of the InN
grown so far have inhibited the quantification of the funda-
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0.642 eV at 295 K and 0.561 eV at 565 K.

The highly degenerate nature of the InN thin films grown
p far has meant that there is stjll uncertainty over the value
the band-edge effective mass,. Previous measurements
of the effective massay’, for heavily dopedh-type hexago-

=0.14m, from a combination of ellipsometry data analy-
uality of the material grown has resulted in a shift towards
ower values ofm’ being observed, with Wet al. extrapo-

lating their infrared reflection and Hall results to obtain a
and-edge effective mags, of 0.07 m, at the bottom of the
onduction band? Recently, an effective mass of 0.048%

das been successfully used as a parameter in simulations of
ghotoluminescence spectra from IANIn this work, m,

=0.048m, at T=0 K is used, based on the empirical rela-
tionship for semiconductors ain,~0.07 By as shown in
Fig. 335 The effective mass used for each temperature, along
with the corresponding band gap, is shown in Table II.

An approximation of the two-banll-p model has been
used to calculate the nonparabolic dispersion of the conduc-
tion band®® This model was modified for application in the
high Fermi-level regime because of the high unintentional
n-type doping. As mentioned previously, at these high carrier
concentrations there are two competing effects: the Burstein-
Moss effect and conduction-band renormalization. The
Burstein-Moss effect refers to the shift towards larger optical
transitions, as a result of band filling. The conduction-band
renormalization arises from electron-electron and electron-
impurity interaction$® These interactions result in the

TABLE II. The band-edge effective massy, for each tempera-
ture considered, based on the empirical relationsﬁgrr 0.07Eyg
for 1ll-V materials.

FIG. 3. The plot of the band-edge effective mass as a function of

E4(T=0 K) for a range of IlI-V materialgtriangleg, based on the
values provided by Vurgaftmaet al. (Ref. 31). The revised value
for the effective mass is includegdquarg.

11533

TemperaturgK) 0 295 565
Eq (eV) 0.690 0.642 0.561
My (M) 0.0480 0.0446 0.0390
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FIG. 4. The plot of the semiconductor statistics calculated using
the two-banck -p model modified for the high Fermi-level regime,  FiG, 5. The HREELS simulation layer profilésolid lineg for
for both 295 K (solid lineg and 565 K(dotted lineg. Both plots 295 and 565 K, along with their carrier profilgsashed linescal-
show little variation between the two temperatures. Finally, thecyjated by solving the Poisson equation within the MTFA. The
pand-edge effective massy, is highlighted and refers to the effec- ¢orresponding bulk Fermi leveEg(bulk), surface Fermi leveEgs,
tive mass ax=0 eV. The valuesn,=0.0446m, for 295 K and  pand bending\Vyy, renormalized band gafkg, and surface state

my=0.0390m, for 565 K were used for the calculations. density,Nsg for each temperature are also included.

shrinkage of the band gap, with a redshifteD.15 eV per V. DISCUSSION

decade of change of the carrier concentration beyond ]

~10" cm3 being reported® Since thek-p model was Surface accumulation was found to be present at both

modified to account for band-gap renormalization, all subset€mperatures, as shown in Fig. 5. The carrier profiles of the
quent references will be to the renormalized band gap rathdiear-surface region reveal a temperature invariant electron
than the intrinsic band gap. accumulation. The_ surface Fermi level with respect to the
The resulting conduction-band dispersion relation enabley@leénce-band maximum and surface-state density calculated
the calculation of the semiconductor statistics, as describefiom the Poisson equation within the MTFA was found to be
by Mahboobet al3” The calculated statistics are plotted in independent of temperature, yielding1.5+0.1 eV and
Fig. 4, and were used to translate the HREELS simulationg-4*0.2) X 10" cm?, respectively. These results are similar
into layer profiles of the space-charge region for the twolO previous measurements of the surface Fermi leaat
temperatures. Figure 4 shows only a small difference besurface-state density.**The band bending was found to be
tween 295 K and 565 K. temperature invariant witk',,~0.75 eV for both 295 K and
Realistic smooth charge profiles were calculated by solv965 K.
ing the Poisson equation within the modified Thomas-Fermi

approximation(MTFA).#38 This allows nonparabolicty to be . '  E 95k
) . , > 08F r
incorporated in a straightforward manner compared to the = Do E_ (565 K)
complications associated with modifying the Schrodinger 3 06f ]
equation to include nonparabolicity. In the Poisson-MTFA 2 o4l CBM (565 K)*
method, the carrier concentration as a function of dept), § ozl ]
depends on the local Fermi level which is determined by the i ool Vo~ VEM 1
bulk Fermi level and the value of the potenti¥lz), which, <) /
. S . . . & 02 i
in turn, is given by the solution to the Poisson equatfiéh. 5
The MTFA accounts for the quantized nature of the electron 04r ]
wave function, whereby the surface potential barrier reduces 0.6 ;/ ]
the carrier concentration to zero at the surface. 0.8 L - L L

0 20 40 60 80 100

The smooth charge profiles, which most closely match the
HREELS simulation layer profiles are shown in Fig. 5 for
both temperatures. The calculations reveal that the surface- £ s 116 energy plotthat is the variation in the Fermi level,
state density a”‘?' surface Fegml I_ezvel are constant for the tng’ conduction-band minimum, CBM, and valence-band maximum,
temperatures, W'th“2-4><.101 cm ™ and ~1.5 eV, respec- g, with respect to the VBM at the bujkas a function of depth,
tively. The surface Fermi level can be seen more clearly iy for hoth 295 K(solid lineg and 565 K(dotted lines, calculated
Fig. 6. Figure 6 shows the Fermi levdr) conduction-band  py solving the Poisson equation within the MTFA. The bulk VBM
minimum (CBM), and the valence-band maximudBM)  refers to the VBM where there is no band bending occurring i.e.,
with respect to the VBM in the bulk, as a function of depth, z=90 A. The surface Fermi level is defined as the difference be-
for both temperatures. The surface Fermi level can be seen taeen theEg and VBM atz=0 A, which was found to be-1.5 eV
be temperature invariant. for both temperatures.

Layer Depth, z (A)
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The temperature invariance of the near-surface region caelectric constanta, the Bohr radius, andn: the effective
be attributed to the small temperature dependence of theass at the Fermi levé!. By varying the temperature, the
band gap. For narrow-gap semiconductors, the nonparaboliscreening length varies as a consequence of the change in the
ity of the conduction band determines many of the electronielectron effective mass. For 565 K, the screening length is
properties, such as effective mass and density of states. Byalculated to be 22.1 A, compared to 21.6 A for 295 K, re-
increasing the temperature, the band gap reduces and assating in a slightly broader HREELS simulation layer pro-
result the interaction between the conduction band and vdile being required to simulate the high-temperature spectra,
lence band increases. The increased interaction modifies tl@s shown in Fig. 5.
conduction-band curvature and the electronic properties The maximum carrier concentration for the HREELS
change as a consequence. For InN, the change in the elesimulation layer profile is smaller for the higher temperature
tronic properties with respect to temperature is small, asn Fig. 5. The carrier profile of the near-surface region is
highlighted in Fig. 4. This can be attributed to the smalldetermined by the surface-state density, bulk carrier concen-
reduction in the band gap with temperature compared taration, and the screening length of the electron gas. Since
other narrow-gap semiconductors. For instance, the band gdpe surface-state density and bulk carrier concentration are
of INN decreases by 19% as the temperature is increaseédmperature invariant, the amount of accumulating charge to
from 0 to 565 K!? whereas in GaSh, which has a similar ensure charge neutrality is also temperature invariant. In or-
band gap to InN, the band gap decreases by 28% for théer to compensate for the longer screening length at 565 K,
same change in temperatdife. the maximum accumulation in the carrier profiles for 565 K

The slightly broader HREELS simulation profile and cor- (for both the HREELS simulation layer profile and Poisson-
responding Poisson-MTFA solution for 565 K compared toMTFA solution) is lower than for 295 K, as shown in Fig. 5.
295 K, observed in Fig. 5, is a consequence of a longer elec-
tron screening length. The charge profile width is determined VI. CONCLUSION

by the screening length of the plasma formed by the conduc- .
tion electrons. For degenerate semiconductors, the electron El€ctron energy-loss spectroscopy of the conduction band
screening length is described by plasma excitations has been used to investigate the charge

accumulation at the clean IfB001) surface. It has been
U 3 a0 shown that the accumulation is temperature-independent
Mg = 6/ 4ant® D with only a slight difference in the charge profiles observed.
The slightly broader carrier profile observed at 565 K com-
where\rg is the Thomas-Fermi screening length of the elec-pared to 295 K can be accounted for by the change in the
tron gash is the carrier concentration, alaé is the effective  electron screening length as a consequence of the change in
Bohr radius, given bya,=e€(0)ay/me with €(0) the static di- electron effective mass with temperature.
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