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Band bending at semiconductor surfaces and interfaces is the key to applications ranging from classical
transistors to topological quantum computing. A semiconductor particularly important for optical as well as
microwave devices is GaN. What makes the material useful is not only its large bandgap but also that it can
be heavily doped to become metallic. Here, we apply soft-x-ray angle-resolved photoelectron spectroscopy
(ARPES) to metallic Si-doped GaN to explore the electron density and momentum-resolved band dispersions
of the valence and conduction electrons varying through the surface band-bending region. We find an upward
band bending, where the measured band occupation reduces toward the surface, as probed with low photon
energies <0.5 keV. The band occupation approaches the bulk value, matching Hall effect measurements, as
the photon energy increases to >1.4 keV, where the photoelectron mean free path exceeds the spatial extent of
the band-bending region. Our quantitative analysis of the experimental data describes the potential variation in
the band-bending region via self-consistent Poisson-Schrodinger equations. We put forward an insightful model
to simulate the ARPES spectra from this region through summing up the contribution from all atomic layers,
weighted by the photoelectron mean free path, under in-phase conditions achieved at particular values of the
photoelectron out-of-plane momentum. The model adequately describes the peculiarities of the ARPES spectra
caused by the surface band bending, including the photon-energy dependence of the apparent band occupation
and Fermi-surface area, and allows accurate determination of the band-bending profile and values of the pho-
toelectron mean free path. Finally, comparison of our data with supercell density functional theory calculations
reveals the preferential location of Si atoms as substitutional for Ga, with the doped electrons entering the GaN
conduction bands without formation of separate impurity states as would occur for Si interstitials. Our theoretical
and experimental results resolve fundamental questions underpinning device performance of the GaN-based and
other semiconductor materials in general and demonstrate a general methodology for quantitative studies of

electron states in the band-bending region.

DOI: 10.1103/PhysRevResearch.4.013183

I. INTRODUCTION

Heavily doped GaN:Si has a growing number of ap-
plications in modern micro- and optoelectronics. Among
them are GaN-based high electron mobility transistors (GaN-
HEMTSs) which are key enablers for 5G telecommunications.
Heavily doped GaN:Si is employed in such devices for
nonalloyed ohmic contacts, with reduced parasitic losses
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and improved reliability compared with conventional alloyed
contacts. Preferable approach to form such contacts is the se-
lective deposition of GaN : Si [1,2]. This approach has several
advantages, making it possible to achieve a contact resistance
of <0.2  mm. For this purpose, however, GaN : Si must be
heavily doped to a concentration of the dopant atoms (Np)
of 10" cm™ and higher. Since in our case the carrier com-
pensation effects [3] are negligible, the conduction electron
concentration in the bulk (n,) determined by the Hall mea-
surements is nearly equal to Np.

Considerable progress has been made in the understand-
ing of physical properties of heavily doped semiconductors
(HDSCs) such as GaN: Si during the last 30 years (see, for
example, the classic review [4] and an immense number of
works citing it). These materials undergo a metal-insulator
transition (MIT) where heavy doping drives them into a metal-
lic state. According to a picture of the pair electron-electron
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(e-e) repulsion screened within the Thomas-Fermi model, ini-
tially proposed by Mott [5,6], this transition is observed when
Np exceeds a certain critical value estimated as Np'/3ay ~
0.2, where ag is the Bohr radius of the donor atom in the
lattice. The MIT in GaN:Si was studied, for example, in
Refs. [7,8] for n, varying between 10'7 and 10'° cm™3. In
Ref. [7], the electron spin resonance and Hall effect data were
analyzed within Shklovskii’s formalism [4]. In that work,
two Si-related subbands were identified which formed when
increasing n,: the D band of single-occupied Si donor sites
and the D™ band of double-occupied Si states, centered at 27
and 2.7 meV, respectively, below the conduction band (CB)
minimum (CBM) of GaN. The MIT, ascribed to the Mott
mechanism, was found to occur at a critical uncompensated
donor Np of ~ 1.6 x 10'8 cm—3. It was associated with si-
multaneous closing of the gap between the two subbands
and vanishing of the electron transport activation energy in
the CB of GaN. Another work [8] on GaN : Si has, however,
found a different critical Np value of 2.5 x 10'® cm™ corre-
sponding to the formation of an impurity band and a value of
2 x 10" cm™ leading to its overlap with the CB.

Despite this extensive research, some technologically deci-
sive properties of the HDSCs remain obscure, particularly for
extremely large dopant concentrations on the atomic-percent
level. Although numerical simulations of devices such as
GaN-HEMTs with GaN:Si electrodes routinely employ a
model of a host semiconductor with an impurity level of the
dopant atoms in the bandgap, the complexity of these mate-
rials goes far beyond this simplistic approach. The increase
of n, into the heavy-doping regime introduces substantial
changes in the host band structure, including a complex inter-
play between the band filling and gap renormalization known
as the Burstein-Moss effect [9,10], effects of the Coulomb
interaction and disorder [4], etc. Furthermore, in many cases
including GaN': Si, even the exact position of the dopant
atoms in the host lattice stays less known and can hardly be
resolved by the standard x-ray and neutron structural anal-
ysis methods [11,12] which may be quite case dependent.
However, the difference between the interstitial and substi-
tutional positions is decisive for whether the dopant atoms
form impurity states decoupled from the host electron sys-
tem or completely integrate into it and only affect the band
filling. Another factor still escaping detailed understanding is
a significant band bending near the surfaces and interfaces
of the doped semiconductors, which is one of the key fac-
tors determining the electrical and optical functionality of
their interfaces (see Refs. [13,14] and references therein).
For example, the Ga-terminated surfaces of n-doped GaN
such as GaN: Si typically exhibit an upward band bending,
with the concomitant band bending challenging the ohmic-
contact functionality of GaN: Si [15,16]. This band bending
is caused by the negative bound polarization charge at the
terminating Ga layer, with the system recovering its charge
neutrality [15,17] by generating a variety of compensating
electron states including internal ionized states, various sur-
face states originating from the dangling bonds [18], surface
vacancies, structural defects, adsorbates or surface oxides
[19], etc., which significantly affect the technologically rel-
evant properties of these materials. Another less-known factor
that can affect electronic structure of the HDSC interfaces is

a spatial variation of the local doping level [20]. All these
electron-structure and structural factors strongly complicate
a formal description of the HDSCs as well as their surfaces
and interfaces, calling for their in-depth experimental studies.

Most experimental results on electronic structure HD-
SCs have been achieved with magnetoresistance (Hall effect)
measurements, optical spectroscopy [7,21], electron spin res-
onance [8], and other quite indirect analytical methods. A
major source of direct information on the bulk, surface,
and interface electronic structure resolved in electron mo-
mentum (K) is angle-resolved photoemission spectroscopy
(ARPES) with variable excitation energy (for entries see,
for example, the review [22]). Pushing the ARPES experi-
ments into the soft-x-ray photon-energy range (SX-ARPES)
enhances the photoelectron mean free path (Apg) by a factor
of 3-5 compared with the conventional experiments in the
VUV energy range, which is essential to penetrate through
potentially distorted surface layers toward the true bulk prop-
erties of materials [23—-25]. Furthermore, the increase of Apg
translates into high intrinsic resolution of the SX-ARPES
experiment in the surface-normal electron momentum Ak, =
1/Apg [24,26], which is crucial for accurate measurements
of three-dimensional (3D) electronic dispersions like in GaN.
Successful applications of SX-ARPES to extract k-resolved
band dispersions in HDSCs have recently been demonstrated,
for example, for Mn-doped GaAs [27], Mn-doped InAs quan-
tum dots in GaAs [28], and Fe-doped InAs [29], all potential
components of spintronic devices. All previous studies of the
band bending [15-17,30-37], however, utilized the x-ray pho-
toelectron spectroscopy (XPS) regime of the photoemission
(PE) experiment [38], which implies intrinsic k integration.
For example, a recent XPS study on the Ga-polar n-type GaN
surfaces [16] evaluated the energy position of valence band
(VB) maximum (VBM) as a function of depth. In that work,
the data analysis was based on the core level (CL)-to-VBM
energy difference [30], where hybrid density functional theory
(DFT) calculations were used to extract the VBM energy by
fitting the VB spectrum. Another study [30,31] evaluated the
surface band bending in GaN by fitting the Ga 3d CL spectra
at different emission angles. There, the band-bending electro-
static potential V (z) for moderate doping was described with a
linear approximation, and for heavy doping, when the exten-
sion of V(z) became comparable with Apg, with a quadratic
approximation. In the study [32], the surface band bending of
n-type GaN was probed by means of hard x-ray photoelectron
spectroscopy combined with x-ray total reflection, where a
steep change of the x-ray attenuation length around the total
external reflection was used to control the probing depth from
~ 2t0 12 nm.

Here, we present a synchrotron-radiation SX-ARPES in-
vestigation of the k-resolved electronic structure of GaN : Si
in a wide range of technically relevant doping levels above
the MIT. These experiments are supported by high-sensitivity
Hall measurements as well as first-principles DFT calcu-
lations, where the Si impurities are introduced within the
supercell approach. By gradually increasing photon energy
(hv) and thus the probing depth of the ARPES experi-
ment, we follow the evolution of electron states through the
surface band-bending region toward the bulk. This informa-
tion about electronic structure in the band-bending region is
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FIG. 1. Soft-x-ray angle-resolved photoelectron spectroscopy (SX-ARPES) experiment on the GaN-based high electron mobility transis-
tors (GaN-HEMT) heterostructure. (a) Electron lifetime 7y at Er derived from the Hall measurements on a series of samples with different #,.
The solid green points mark the samples investigated by ARPES (Table I). The solid line shows the fit describing the elastic defect scattering
based on Ref. [39]. (b) Scheme of the epitaxial GaN : Si samples investigated by SX-ARPES. The depletion layer on the top of GaN : Si samples
is marked by gradient orange color. The photoelectron analyzer detects the distribution Ipg(Ey, ¥) of the photoelectron kinetic energy E; and
emission angle ¢, which yield the binding energy Ez and momentum k back in the sample (corrected for the photon momentum p = hv/c)
to produce the sought-for electron dispersions E (k). (c) Bulk Brillouin zone (BZ) of GaN.

essential for the ohmic-contact functionality of GaN : Si. We
develop a theoretical model of the band-bending effect on
the k-resolved spectral response of electron states, which de-
scribes the puzzling photon-energy dependence of the Fermi
momentum apparent in the ARPES spectra. This model links
the ARPES spectra with the evolution of bulk electron states
through the band-bending region. The achieved results, in-
cluding the reduced near-surface conduction electron density
and the interstitial vs substitution position of the Si dopant
atoms, provide essential physical information for theoretical
modeling of high-power GaN-based devices with GaN : Si
contacts, required for further development of nitride electron-
ics.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Sample growth and characterization

The samples for our ARPES experiments were epitaxial
films of GaN heavily doped with different concentrations of
Si impurities. The doped 200-nm-thick GaN layer was grown
on an insulating GaN substrate using molecular-beam epitaxy,
both oriented in the [0001] crystallographic direction. The Si
atoms were introduced during the growth process using a Si
effusion cell. The Si concentration was estimated through Hall
measurements. For the ARPES measurements, we used sam-
ples with four different n, values of 3.0 x 10", 6.4 x 10%,
8.3 x 102, and 1.5 x 10%° cm™. To eliminate surface oxide
before the measurements, sample preparation involved chem-
ical treatment in buffered HCl followed by in situ annealing at
a temperature of ~ 500 °C for 30 min (low enough to avoid
affecting the dopant distribution profile).

Magnetotransport characterization was carried out in mag-
netic fields of up to 4 T applied perpendicular to the sample
plane and in the temperature range 4.2-300 K. The depen-
dences of the magnetoresistance tensor components on the
temperature and magnetic field were measured in the usual
Hall and van der Pauw geometries. The experimental n, varied

by < ~ 3% through the whole studied temperature range for
all samples, confirming their high quality.

The experimental electron mobility values found from the
Hall measurements (uy) were used to evaluate the electron
lifetimes (ty) at Er as ty = ugm™ /e, where m* is the elec-
tron effective mass and e the electron charge. These results,
obtained for a large series of samples including those used in
our ARPES experiments, are presented in Fig. 1(a). Since for
the weakly correlated Fermi liquids the e-e interaction at E is
indistinguishable from zero even at elevated temperatures, Ty
reflects only the defect scattering (phonon scattering is much
smaller at our sample temperatures). The decrease of Ty with
n, reflects the increase of the defect scattering with doping
(the screening of the ionized impurity centers is less signifi-
cant at the actual doping levels). The experimental points were
fitted with the theoretical dependence of the (quasi)-elastic
scattering time according to eq. (4) from Ref. [39] (also see
Refs. [40,41]). The fitting parameter was the compensation
parameter & = (Np — n,.)/Np, which expresses the fraction of
electrons localized on fluctuations of the disorder potential
and contributing to the tails of density of states (DOS) extend-
ing deep into the mobility gap [4]. The fitting was weighted
with the average distance of each point to its two nearest
neighbors, which accounted for the uneven density of the
experimental points along n,. The best fit, shown in Fig. 1(a)
as the solid curve, corresponds to 6 = 0.072 £ 0.011, i.e.,
nearly all dopant atoms donate conduction electrons.

B. ARPES experiment

The experiments were performed at the SX-ARPES end-
station [24] of the ADvanced RESonant Spectroscopies
(ADRESS) beamline [42] of the Swiss Light Source (SLS).
The enhanced probing depth of SX-ARPES was essential for
our experiments on GaN:Si with its surface band-bending
region. A high flux of >10" photons/s/0.01%BW deliv-
ered by the beamline/undulator combination was essential for
our experiments in the SX range where the photoexcitation
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FIG. 2. Angle-resolved photoelectron spectroscopy (ARPES) dispersions for GaN : Si along the I'M directions of the bulk Brillouin zone
(BZ) for (a) n, = 8.3 x 10" cm™ and (b) n, = 1.5 x 10 cm™>. The hv values are indicated (note different Ep scales). The experimental
dispersions broaden with increase of n, and sharpen with increase of hv. The data for hv = 1399 eV is superimposed with calculated E (k)
(white lines, with adjusted bandgap value). The conduction band (CB) states appear above the valence band (VB) continuum.

cross-section of the valence states is extremely small [43].
To maximize the coherent spectral fraction, reduced by the
Debye-Waller factor due to thermal atomic motion [38], the
measurements were performed at 12 K. The combined (beam-
line and analyzer) energy resolution varied from 60 meV for
hv = 350 eV to 270 meV for hv = 1400 eV, and the analyzer
angular resolution was ~ 0.1°. Other relevant details of the
SX-ARPES experiment, including the experimental geometry,
are identical to our previous study on GaN-HEMTs [44] and
presented in Fig. 1(b). The binding-energy (Ep) scale was
referenced to the Fermi level (Er) in the CB of GaN : Si.

C. Experimental results

The use of SX energy range for our ARPES experiments on
GaN : Si samples has been necessitated by a contaminated and
partially disordered layer remnant at the sample surface after
our ex situ sample transfer and preparation. Figure 2 shows
the experimental ARPES dispersions of the VB/CB measured
along the I'M direction of the bulk Brillouin zone (BZ), see
Fig. 1(c), for two samples with Si-dopant concentrations of
ne = 8.3 x 10" and 1.5 x 10%° cm™3. They were measured at
hv = 356, 554, 1070, and 1399 eV which bring k, to the I'
point as determined from the ARPES dispersions as a function
of hv (see below). The nondispersive spectral fraction, build-
ing up due to the thermal atomic motion and defect scattering,
is suppressed in these plots by subtracting angle-integrated
spectral intensity. We note that, because of the disorder in-
duced by Si doping, the experimental dispersions broaden in
energy with increase of n,. The dispersions sharpen toward
higher hv, even though the experimental energy resolution

worsens, because the increase of Apg both reduces the relative
spectral contribution from the near-surface region where the
V(z) variation is steepest and simultaneously sharpens the
intrinsic k, resolution. The ARPES image at Aiv = 1399 eV
shows a fair agreement with the DFT calculations. The doped
CB states appear as a tiny electron pocket above the VB
dispersions. The energy separation between the VBM and
CBM is consistent with the known GaN bandgap ~ 3.3eV.
The CB intensity relative to the VB scales up with an increase
of hv, which is apparent in the energy-distribution curves
(EDCs) at the I' point in Fig. 3. This effect is attributed to
the surface-induced band bending, discussed below, where the
filling of the CB states, in contrast to the VB states, increases
with the depth. In this case, the increase of Apg with Av adds

554 eV
356 eV

i 1399cv — /]
1070 eV —— /;J\
[

Ipg (arb. units)

n.=8310" cm ne=1510" em™
| | R, | |

-15 -10 -5 0 -15 -10 -5 0
Eg (eV) Eg (eV)

FIG. 3. Energy-distribution curve (EDC) spectra at the I point
measured at different hv for n, = 8.3 x 10" cm™ and 1.5 x
10%° cm™. The conduction band (CB) signal scales up with hv due
to the surface band bending.
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FIG. 4. hv-dependent angle-resolved photoelectron spectroscopy (ARPES) data for the sample with n, = 6.4 x 10" cm™ rendered into
out-of-plane iso-Ep maps in the TALM plane of the bulk Brillouin zone (BZ): (a) Valence band (VB) states near the VB maximum (VBM).
(b) Fermi surface (FS) formed by the doped conduction band (CB) states. (c) and (d) Zoom-ins of the FS map measured for the sample with
n, = 8.3 x 10" cm™ at ~ 1070 and 554 eV, respectively. The circular shape of the FS pockets confirms the three-dimensional (3D) character

of the doped CB states.

signal from the progressively filling CB states in the sample
depth.

We will now analyze the ARPES data as a function of hv,
which controls the out-of-plane electron momentum k, (the
conversion formulas for our experimental geometry, including
the photon-momentum correction, are compiled in Ref. [24]).
These data for one of the samples, measured in the 'M az-
imuth and rendered into an out-of-plane iso-Ep map in (ky, k;)
coordinates in the TALM plane of the bulk BZ, see Fig. 1(c),
are displayed in Figs. 4(a) and 4(b). The map corresponding
to the VBM, displayed in (a), shows kz-dispersive contours
characteristic of the 3D character of the VB states in GaN : Si.
The map corresponding to the Fermi level (Ef), displayed
in (b), reveals the Fermi surface (FS) of GaN: Si formed by
electron doping into the CB. The hole pockets at the VBM
and electron pockets at the CBM are centered at the k, values
which are integers of G, i.e., correspond to the I" points of
the reduced BZ. Measured in two different Av regions, high-
resolution zoom-ins of these pockets in Figs. 4(c) and 4(d)
show a circular shape. This pattern confirms the 3D nature
of the doped CB states. The hv-dependent ARPES data from
the GaN : Si samples with different n, were essentially iden-
tical, apart from the area of the FS pockets which increased
with n,.

Experimental in-plane iso-Ep maps in (k,, k) coordinates
measured for the sample with n, = 8.3 x 10" are displayed
in Fig. 5, the one corresponding to the VBM in (a) and the
CB-derived FS in (b). Acquired at ~v = 1070 eV, they corre-
spond to the ' KM plane of the bulk BZ, see Fig. 1(c). The FS
image appears as tiny electron pockets around the I' points.
High-resolution zoom-ins of this FS for three samples with
ne, = 3.0 x 102, 8.3 x 10'?, and 1.5 x 10%° cm™> measured
at two different hv values are shown in Fig. 5(c). Following
the Luttinger theorem, which states that the FS volume is
proportional to the charge-carrier concentration, the apparent
area of the electron pockets increases with increase in n,.
Furthermore, we note that this area decreases with decrease

of hv; as we will see below, this effect is due to the surface
band bending.

III. THEORETICAL ELECTRONIC STRUCTURE

A. Computational procedure

First-principles calculations for bulk Si-doped GaN have
been carried out in the DFT framework as implemented in
the VASP code [45-47]. It has previously been demonstrated
that the local-density approximation (LDA), generalized gra-
dient approximation, and LDA + U approximations all fail
to reproduce the correct bandgap of GaN [48]. Hybrid func-
tionals of the HSE-type would correct this drawback, but
their computational cost is prohibitive for unit cells of a few
hundreds of atoms typically used to model impurity systems.
The LDA, however, correctly reproduces the band dispersions
and m* for wurtzite GaN, with m™ = 0.185m in the CBM (m
is the free-electron mass) closely matching the experimental
m* = 0.2myq [49]. Here, we will limit ourselves to spinless
LDA calculations.

Self-consistent calculations were performed with a plane-
wave cutoff energy of 400 eV and k-space sampling over
a I'-centered grid of 8 x 8 x 8 points in the BZ. We used
a supercell of 5 x 5 x 3 unit cells of GaN [Fig. 6(a)]. We
considered two types of impurity locations: substitutional and
interstitial. In the first case, a Ga ion was substituted for a Si
one. In the second case, a Si ion was placed to an interstitial
position in the GaN lattice. The total number of ions was 300
and 301, respectively. The corresponding Si impurity concen-
tration was Np = 2.9 x 102° cm=. Atomic coordinates in the
supercell were relaxed until the Hellmann-Feynman forces on
each atom were <30 meV A~! under the constraint that the
supercell shape and volume were the same as those of pure
GaN.
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FIG. 5. In-plane iso-Ez maps measured for the sample with n, = 8.3 x 10'° cm™: (a) Valence band (VB) states near the VB maximum
(VBM; at Eg = —3.3 eV integrated over an energy window of 0.05 eV) and (b) Fermi surface (FS) formed by the doped conduction band
(CB) states in the 'KM plane of the bulk Brillouin zone (BZ), measured at hv = 1070 eV. (c) Zoom-ins of the FS map measured for three
samples with different n, and at two different hv (indicated). The apparent area of the electron pockets increases with doping and decreases
with decrease of v due to the surface band bending.

B. Theoretical results Figs. 6(b) and 6(c). The circle radii are proportional to projec-
1. Substitutional impurity tion values | (¥ |@uc) |2, where. 3.(1,,[ is the spher.ical harmonic
centered at the Ga, N, and Si ions, and ¢,k is the VB/CB

The calculated band structure of GaN : Si in the folded BZ wave function for the band index 7 and momentum k. The

and the orbital projections of VB/CB states are presented in
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FIG. 6. Density functional theory (DFT) calculations for GaN : Si: (a) A supercell of 5 x 5 x 3 unit cells of GaN with a substitutional Si
impurity (blue ball) used in the calculations. Theoretical conduction band (CB) of GaN: Si in the 'K direction for the (b) substitutional and
(c) interstitial Si impurities. The orbital projections of CB states onto Ga 4s, N 2s, Si 3s, and Si 3p atomic orbitals are shown. For clarity,
the N 2s and Si 3p projections are offset vertically by 0.1 eV. The electron dispersions in pure GaN are shown with the solid lines. While the
substitutional Si impurity fully integrates into the GaN host electron system for the occupied states, the interstitial one forms a midgap state
decoupled from the host. The inset shows the band structure of GaN : Si in the energy range from —4 to 2 eV.
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FIG. 7. Partial Ili{S(EB) and total lpp(Ep) angle-resolved photoelectron spectroscopy (ARPES) intensities simulated with ~Av = 1070 eV for
(a) interstitial and (b) substitutional Si impurity atoms, and (c) experimental angle-integrated spectrum. The arrows in (a) and (c) mark the
calculated Ep ~ —1.6 eV of the interstitial impurity state, absent in the experiment.

projections for the Ga and N ions were computed for the ions
located far from the Si impurity.

Near the CBM, the projections of CB states onto the Ga
4s, N 2s, and Si 3s atomic orbitals all have the same order
of magnitude. This suggests that the CB is formed because of
hybridization of the host and Si-impurity states. The calcula-
tions indicate that, for the occupied states, the substitutional
Si impurity fully integrates into the host band structure with-
out formation of any additional impurity states in the gap
[Fig. 6(b)]. We find that m* at the CB bottom is isotropic
in the (0001) plane, and its value m* = 0.185my is the same
as in pure GaN. The Fermi level is located ~ 0.65 eV above
the CBM. The Fermi momentum kp is isotropic in the (0001)
plane, and its value is 0.21 A",

2. Interstitial impurity

Moving a Si-impurity ion into the interstitial position has
a dramatic effect on the band structure, as shown Fig. 6(c). In
contrast to the substitutional case, a narrow impurity band is
clearly visible in the middle of the GaN bandgap at around a
binding energy of 1.5 eV. The atomic-orbital projections show
that this midgap state is dominated by the Si atomic orbitals at
a negligible weight of the Ga and N ones. This identifies this
state as the Si-impurity state electronically decoupled from the
host GaN.

We have also performed similar DFT calculations with
a larger 5 x5 x5 supercell including 500/501 atoms.
Two supercell configurations, with a single impurity atom
(Np = 1.7 x 10 cm™) and with two randomly distributed
ones (Np = 3.5 x 10 cm™), produced qualitatively the
same results. As the final remark, we note that our calcula-
tions with the LDA exchange correlation may describe less
accurately the impurity states localized due to the pair e-e
interaction within the Mott-transition picture [5].

IV. DISCUSSION
A. Bulk electronic structure: Nature of the Si doping

We will now compare the theoretical electronic structure
of bulk GaN : Si with the ARPES experiment to identify the

preferential position of the Si impurities in the GaN host. At
this stage, we neglect the surface band bending, whose effects
are not critical for the following analysis of the bulk electronic
structure.

To compare the DFT results with the ARPES data, we
have also calculated partial element and orbital projected DOS
(PDOS) for GaN with substitutional and interstitial Si impuri-
ties. Here, k-integrated ARPES intensity Ipg(Ep, hv) was sim-
ulated by summation of the partial intensities I5j, (Ep, hv) from
each element i(= Ga, N, and Si) and orbital j(= s and p)
evaluated as the PDOS contributions p;;(E) multiplied by the
hv-dependent atomic photoionization cross-sections o;;(hv)
taken from Ref. [43]:

Ie(Eg, hv) = Zilps(Ep, hv),

. Ep—E
B (En, hv) ~ %03, (h)py En)feo (). (D

where frp is the Fermi-Dirac distribution. The partial p;;(Ep)
were obtained from projections of g,k onto the spherical har-
monics that are nonzero within spheres of a certain radius
centered at the corresponding ions. A Gaussian smearing with
an energy window width of 100 meV was introduced into
these calculations to account for the instrumental broadening.

The ARPES spectra simulated for ~zv = 1070 eV with the
interstitial and substitutional Si impurity atoms in GaN : Si
are presented in Figs. 7(a) and 7(b), respectively. The midgap
peak in (a), absent in (b), marks the Si-derived impurity
state. It has small but noticeable weight and, for n, of
order of 10%° cm™ and above, should in principle be ob-
servable in the experiment. The absence of such a peak in
our angle-integrated ARPES data, Fig. 7(c), confirms that the
substitutional impurities dominate our GaN : Si samples. This
analysis of the ARPES data in comparison with the theoretical
electronic structure is an identification of the positions of Si
atoms in GaN hardly accessible with conventional techniques.
Our results confirm the previous theoretical predictions, see
Ref. [50-54].
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FIG. 8. Experimental (left column) and simulated (right) angle-resolved photoelectron spectroscopy (ARPES) images of conduction band
(CB) for the systems with (a) n, = 8.3 x 10" cm™ and (b) n, = 1.5 x 10* cm™ and disorder-induced energy broadening §p = 0.2 eV. Apg

varies with n, and hv, as shown in Table I.

B. Band-bending effects: Model and access to the bulk
properties

Band bending at semiconductor surfaces and interfaces
forms quite a nontrivial electronic structure in this region.
Its behavior can be approached following the ideas of the
classical Wannier-Stark ladder formed in the electric field
(see, for example, Ref. [55]). In this approach, the electronic
structure of delocalized (valence and CB) states is formed
by the hybridization of electron orbitals centered at each
atomic site (electron hopping). The electric field offsets these
orbitals in energy relative to each other, which reduces their
hybridization. At a certain magnitude of the field, the orbitals
completely decouple and can be considered as isolated elec-
tron states forming the Wannier-Stark ladder.

Nontrivial is also the response of such an electronic struc-
ture in the ARPES spectra. In simple terms, summation of
the ARPES intensity throughout the band-bending region
broadens and shifts the ARPES spectral peaks relative to the
bulk states. Furthermore, relative contributions of the ARPES
signals emerging at different depths will vary with the pho-
toelectron mean free path Apg, resulting in variation of the

integral ARPES signal with hv. Such effects are immediately
clear, for example, in our ARPES data from Figs. 4(c), 4(d),
and 5(c), where the experimental FS appears not like a well-
defined ring (such as the FS of the quantum well states in
GaN-HEMTs [44]) but rather like a filled circle. Moreover,
with an increase of 4v and the corresponding Apg, the diameter
of the circle increases. Another manifestation of the band-
bending effect is the hv-dependent CB dispersions in Fig. 8,
which are zoom-ins of the ARPES images from Fig. 2. We
observe that the ARPES intensity there forms not a parabolic
band (such as in GaN-HEMTs [44], even though somewhat
blurred) but a filled parabola. Importantly, its extension in Eg
and k, clearly increases with hv. The filled-parabola image
of the band dispersion and its extension in Ep and k, de-
pending on hv are hallmarks of PE from bulk states in the
band-bending region. While such effects for the VB states can
be considered insignificant compared with the lifetime broad-
ening (mostly due to e-e interaction, scaling up away from
EFr), they become crucial for the much sharper states near the
CBM. We note in passing that the surface or quantum well
states do not change their energy through the band-bending
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region and therefore show a parabolic dispersion image inde-
pendent of hv [44,56].

Such distortive effects of the band bending on the ARPES
signal do not allow direct determination of the FS and
band dispersions in the GaN:Si bulk. We will now show
that they can, however, be extracted by adequate model-
ing of the band-bending potential and corresponding ARPES
response.

1. Band-bending potential

To compute the band-bending profile in the vicinity of
the surface, we solve the quasi-one-dimensional Poisson and
Schrodinger equations self-consistently [S57]:

1 d* Y, (2)
Tom dz L@@ = B,
d av
4 [e dﬂ = 47[Np — n()l, ()

where ,(z) is the electron envelope function, E.(z) =
E.(0) 4+ V(z) the CB profile, Np the concentration of ionized
dopants, and

n@) = NE P (-2 o)
is the local electron density in the CB. Here, N, = m*T /m "2
is the effective DOS in the CB, f¥(x) = In(1 + ¢) is the
zero-order Fermi-Dirac integral, which results from the two-
dimensional integration over the in-plane momentum (ky, k).

In the numerical implementation of this formalism, m*
was taken from our DFT results. The surface potential E.(0),
defined by the poorly controllable surface charge [58], is a
free parameter of the model. Its value is adjusted for the best
match between the ARPES simulations and experiment (see
below). Here, Np is assumed to be uniform in the whole
system. The VB holes are treated within the quasiclassical
Thomas-Fermi approximation because quantization of these
states in the surface layer is expected to have only a small
effect on the total electron-charge profile.

The E.(z) and n(z) profiles calculated with different values
E.(0) of the surface potential for the samples with the two
largest N are shown in Fig. 9. Positive Ep values near the sur-
face reflect the formation of the surface depletion layer with
vanishing electron concentration, whereas negative Ep values
deep in the sample correspond to the electron gas in the bulk.
The E.(0) value is contributed by the negative polarization
charge of the Ga polar surface and, possibly, by negatively
charged surface states. The characteristic screening length is
~ 3 nm, this value being of the order of Apg in the ARPES
experiment. Note that, whereas Np is constant through the
whole band-bending region, the local n(z) varies and at large
z reaches its bulk electroneutrality asymptote n, = Np.

2. Simulation of the ARPES spectra

Conventionally, the total PE spectrum Ipg(Ep) from local-
ized states such as the CLs embedded in the band-bending
potential V(z) is described by summation of the intensity

Eg (eV)

Z (nm)

Np =8.3-10" cm?

Np=15-102 ¢cm?
| | | |

0 2 4 6 8 10

z (nm)

FIG. 9. The band profile and the electron concentration (inset)
for different values of surface potential and dopant concentrations
Np = 1.5 x 10%° cm™ (black lines) and Np = 8.3 x 10" cm™ (red
lines). The solid lines correspond to the parameters used for the sim-
ulation of the angle-resolved photoelectron spectroscopy (ARPES)
spectra of the conduction band minimum (CBM).

contributions from all ith atomic layers:

i

Toe(Ew) = Siexp(— ) iIEs —VL @)

which are weighted by Apg and offset in energy from the bulk
spectrum Ipg(Ep) by V (z;) (see, for example, Refs. [33,34,59—
61]). Such a summation returns an asymmetric profile of the
resulting CL spectral line depending on ~v and emission an-
gle, which can be used to extract the shape of V (z) [35].

For the delocalized VB/CB states, this approach does not
work, however, because the summation must consider not
only the amplitudes but also phases of the wave functions. It
can nevertheless be generalized to summation of amplitudes
from the atomic layers—in the following, we will call this
method the layer-summation (LS) one—provided that three
conditions are met: (1) Like the CLs, the PE signal emanates
mostly from the atomic-core region. This situation is char-
acteristic of high-energy final states whose wave function
rapidly oscillates. In this case, its scalar product with the
VB/CB wave function ¢(r), schematized in Fig. 10, averages
out where ¢(r) smoothly varies between the atomic cores and
survives only in the core regions [62] where ¢(r) rapidly oscil-
lates due to the requirement of its orthogonality to the CLs. (2)
Both VB/CB and final-state wave functions in different atomic
planes are in phase, i.e., their phase accumulation across a
layer exp(ik,c), where c is the out-of-plane lattice constant,
is equal to one. This condition means that k,c = 2wn, n be-
ing an integer, i.e., k; matches one of the I' points of the
extended BZ. (3) The sum includes not the intensities I[(,g but

the wave function amplitudes ~ 1122 from each layer with

the corresponding attenuation length Apg/2. The total sum is
then obtained by squaring of the sum of the amplitudes:

2z;

2
T) Iliig[EB—vm)]}. )
PE

Ipe(Ep) = {Eiexp<_
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FIG. 10. Schematics of the potential V(z) and valence band
(VB)/conduction band (CB) wave function ¢(r) in the band-bending
region in Si:GaN. The photoemission (PE) signal comes mostly
from the atomic-core regions.

We note that a prerequisite for the LS method is the
in-phase condition achieved at particular k, values tunable
through hv. In general, this requires synchrotron-based x-ray
sources because the laboratory x-ray ones deliver only fixed
hv.

Implementing this LS method for the CB states, we
adopted their free-electron dispersion E (k,) = fixk? /2m* and
described the ARPES spectrum as

Eg — E 2z;
B (ky, Eg) ~ fFD(u>{Ei€XP<—A—)

PE
B k2
X \/GD[EB—EC(zi)— x” , (6
2 *
where the Gaussians
E2
Gp(E) ~ S e— 7
p(E) eXp[ 2(6DE)2} @)

model the contribution 1152 of a single atomic layer at the
position z; to the total Ipg for given Ep and k,. Here, the Gaus-
sians account for the disorder and lifetime, which introduce
an energy broadening of SpE. To account for instrumental
angle (8k,) and energy (§E) broadening, we further convolve
II(,)E(kx, Eg) with two Gaussians:

2

k
Gky) ~ eXpl:_Z((SZ 7

2
2(8E)? } '
(®)

:| and G(E)Nexp[—

to obtain the result:
Ipe(ky, Eg) ~ / dk.dE'I; (k, — k., Eg — EG(K.)G(E").
©)

This summation procedure is illustrated in Fig. 11, which
shows the partial I]gg spectra from a few layers along the above
V (z) simulated for Np = 1.5 x 10*° cm™. The weighted sum-
mation of these spectra will yield the filled-parabola pattern of
the total Ipg(k,, Ep) as seen in the experimental CB spectra,
Fig. 8.

Our simulations of the CB spectra for different Np used the
corresponding V (z) simulations above, with m* taken from the
DFT calculations. Here, Apg was considered as a parameter

Np=1.510%" ¢cm™
T T

0.2

Eg (eV)

-04

Z (nm)

FIG. 11. The band-bending profile simulated for Np = 1.5 x
10%° cm™ and a schematic representation of the partial I (k,, Ep)
from three atomic layers at different depths z;. The summation of
these spectra yields the filled-parabola pattern of the total Ipg (k,, Ep).

that we varied until the simulated Ipg (k,, Ep) fitted the exper-
iment in that the apparent k, extent 2Ak, of the CB image
at Ep, quantified by the extremes of the intensity gradient
dIpg/dk,, was equal to the corresponding experimental value.
The simulated ARPES images are presented in Fig. 8 next to
the corresponding experimental data. They adequately repro-
duce the experimental filled-parabola intensity pattern as well
as the increase of its Ak, and energy depth with increase of
hv and n,.

A summary of the ARPES experimental Ak, as a function
of hv and the corresponding results of the simulations are
presented in Table I. It includes the two samples with maximal
n, = 1.5 x 10%° and 8.3 x 10! cm™ for which the Ak, val-
ues were well above the experimental &, resolution and could
be determined with sufficient accuracy. The data obtained at
the lowest ~iv = 356 eV were excluded from the table as less
reliable because of too small intensity of the CB signal in the
experimental data.

The numerical results in Table I elucidate a few important
points:

(1) As we have already seen in Fig. 8, the ARPES ex-
perimental Ak, values gradually increase with hv. This is a
consequence of the corresponding increase of Apg at which the
ARPES experiment probes the surface band-bending region in
GaN : Si.

(2) Table I also includes the bulk kr values determined
from the magnetotransport 7, through the Luttinger theorem
[63-65]:

D
ne =72 / d—ki), (10)
rs (27)

where D = 3 is the dimensionality of our system, and the in-
tegration is performed over the whole FS volume. We observe
that, toward the high-energy end of our Ahv range, the ARPES
experimental Ak, values approach the bulk k. This obser-
vation brings up an important methodological aspect of the
ARPES experiment on materials with surface band bending.
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TABLE 1. Apparent Ak, extension of the CB electron pocket in the experimental ARPES spectra and the corresponding Apg values
determined by simulations for two samples from the ARPES experiment having maximal n,. The increase of Ak, with Av manifests the
band bending. The 7 values derived from the Hall measurements are compared with the 7pg ones derived from Apg.

ne (cm™) ke (A hv (eV) Ak, (AT E(0) (V)  Apg(nm)  Arppom (nm) 7y (fs) tpg (fs)

(1.5£0.2) x 10 0.181 £ 0.003 1399 0.160 £ 0.004 0.8 +0.1 39£05 3.25 9.5 0.063 + 0.01
1070 0.130 £+ 0.004 2.05£0.15 2.64 0.036 £ 0.002
554 0.108 £ 0.008 1.36 £ 0.25 1.62 0.038 £ 0.002

(8.3+£1.0) x 10"  0.132 £ 0.006 1399 0.128 £ 0.006 0.7 £0.1 39+£07 3.25 10.9 0.063 £ 0.01
1070 0.124 £ 0.003 33£03 2.64 0.062 £ 0.005
554 0.066 £ 0.002 0.62 £ 0.06 1.62 0.030 £ 0.001

A naive use of the Ak, values apparent in low-energy ARPES
spectra can be irrelevant in this case. To access the true bulk
properties of the electronic structure, the ARPES experiment
should use sufficiently high hv where its probing depth ex-
ceeds the spatial extension of the band-bending region.

Another important factor that should be kept in mind in
such an analysis is that the ARPES data in fact reflect local
ng of the ordered metallic phase in the sample. The integral
n, might in principle be smaller, with its difference compared
with the ARPES value reflecting the volume fraction of the
disordered or insulating phase [66]. This information allows
assessment of spatial nonuniformity of the carrier distribution,
which is a crucial property for the practical applications of
GaN : Si. The fact that, in our case, the ARPES experimental
Ak, values approach the kr determined from the magneto-
transport 1, evidences spatial homogeneity of our samples.

(3) The Apg values in Table I determined by fitting of our
ARPES spectra appear quite close to those determined by the
conventional CL-attenuation experiments on GaN [16,31,36]
as well as to the values suggested by the conventional TPP-
2M formula [67] as implemented in the NIST program [68]
(also shown in Table I). Remarkably, the naive summation of
the layer intensities rather than the wave function amplitudes
returns Apg values which are underestimated by a factor of
~2.5.

(4) Finally, Table I compiles the photoelectron lifetimes
(tpg) determined from the Apg values as tpg = Apg/Upg,
where vpg is the free-electron velocity in the crystal for
given E;. The ty values derived for our two samples from
the Hall measurements are also included in Table I. They
are more than two orders of magnitude larger than the tpg
ones. Indeed, whereas 7y is limited only by the elastic e-i
(electron-impurity) scattering at Ep, tpg is limited by much
stronger inelastic e-e and e-i scattering (according to the well-
known Brooks-Herring formula [69], the elastic e-i scattering
strength reduces oc E; /> and can therefore be neglected for
photoelectrons). The observed increase of tpg with Ey is con-
sistent with the reduction of the inelastic e-e and e-i scattering
with energy.

V. CONCLUDING REMARKS

Here, k-resolved one-electron band structure of heavily
doped GaN : Si with a wide range of n, has been determined,
including electron dispersions throughout the VB/CB filled by

the doped electrons. This fundamental knowledge is of key
importance for the material properties of GaN : Si widely used
for nonalloyed ohmic contacts in modern GaN-based elec-
tronics. Crucial for our study has been the use of SX-ARPES
whose enhanced probing depth has allowed access to the bulk
electronic structure of GaN : Si through its depleted surface
band-bending region.

Comparison of the ARPES results with supercell DFT
calculations for the interstitial and substitutional Si atoms
in the GaN lattice has established the nature of GaN:Si as
a substitutional alloy, where Si preferentially substitutes for
Ga and the doped electrons integrate into the whole electron
system of GaN : Si without formation of an impurity band in
the occupied states. This evidence achieved with SX-ARPES
confirms the previous theoretical predictions and represents a
fortunate simplification of the problem of Si-doped GaN.

With the sharp intrinsic resolution of our SX-ARPES ex-
periment in the out-of-plane k,, we have directly visualized
the k-resolved electron dispersions throughout the VB/CB of
GaN': Si. Apart from the known bandgap problem, they are
well described by LDA-DFT band structure of bulk GaN.
We have observed how the population of the CB states and
expansion of the corresponding FS pockets follows the doped
n.. Puzzling peculiarities of the experimental ARPES spectra
were the filled-parabola images of the CB dispersions as well
as the dependence of the apparent kr on hv.

A quantitative analysis of the ARPES response of the CB
states in GaN : Si requires, however, considering the surface
band bending. We have put forward the insightful LS method
to simulate this effect—a practical method to link the ARPES
spectra with the evolution of bulk electron states through
the band-bending region—where V(z) is described via the
self-consistent Poisson-Schrodinger equations, and the Apg-
weighted wave function amplitudes from the atomic layers are
added up. This model relies on, first, high excitation energies
whereby the ARPES intensity comes mostly from the atomic-
core regions and, second, that the photoelectron k, matches
out-of-plane reciprocal vectors whereby the layer contribu-
tions become in phase. The model can serve as a universal
theoretical framework for any surface or interfacial crystalline
system with band bending. It describes the filled-parabola
image of the CB states in the GaN:Si ARPES spectra and
the dependence of apparent kr on hv. At sufficiently high
hv, where Apg exceeds the spatial extension of the band-
bending region, the kr value apparent in the ARPES spectra
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approaches the bulk kr determined from magnetotransport 7,.
This fact confirms the spatial homogeneity of our GaN : Si
samples without any notable admixture of an insulating frac-
tion. Our simulation has allowed accurate determination of
E.(0)—the band-bending height at the surface—as well as
the Apg values, with the latter being markedly close to those
predicted by the standard TPP-2M formula.

The knowledge about the k-resolved electronic structure
of the band-bending region in GaN: Si achieved in our ex-
haustive theoretical and experimental study is essential for
understanding of the fundamental physics and theoretical
modeling of the surface and interface systems in general and
particularly of the HDSC-based systems such as nonalloyed
ohmic contacts widely used in modern electronics.
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