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Valence band structure and effective masses of GaN(1010)
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The electronic structure of the clean and stoichiometric GaN(1010) cleavage surface is investigated in a
comprehensive angle-resolved photoelectron spectroscopy study. A clear distinction between surface and bulk
related features allows us to measure the dispersions of the occupied surface state band from the N dangling
bonds as well as of the uppermost bulk valence bands and to extract the effective hole masses directly with high
precision. This is performed along various directions in k; space providing a detailed picture of the electronic
band dispersion. The obtained results show three separated bulk bands without indications of a crossing of
these bands as commonly predicted in theoretical works. Moreover, from the observed Fermi-level pinning we
determine the position of the minimum of the empty Ga-derived surface state band, which is found deep within
the fundamental band gap at ~2.3 eV above the valence band maximum.
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I. INTRODUCTION

GaN and related group IlI-nitride semiconductors became
the material system of choice for optoelectronics, lighting, and
high power electronics. Despite the extraordinary importance
of GaN, its fundamental properties are still poorly known.
For example, the effective hole masses and the shape of the
valence band states is still highly debated. Most values origi-
nate from calculations of the electronic band structure [1-11],
while only limited experimental data are available [12-21]. In
addition, the situation is aggravated by the rapid improvement
of the quality of GaN epitaxial layers and pseudosubstrates
since the first demonstration of a blue LED, which led to
experiments on widely differing material qualities. Moreover,
the experimental values are based on optical methods (almost
exclusively photoluminescence spectroscopy), which, as in-
direct methods, require assumptions for extracting effective
masses. Although the most direct experimental method would
be a band dispersion measurement by angle resolved photo-
electron spectroscopy (ARPES), such experiments were not
used to extract effective masses [22-32]. As a consequence,
this situation led to widely varying experimental values for
the effective masses, e.g., ranging from 0.54 my to 2.2 my
for the heavy hole mass in the I'-A direction (mg_A) [15,17].
Also the corresponding theoretical values exhibit a significant
spread, i.e., 1.1 mgy to 2.09 my [1,2,4]. Hence, the effective
hole masses need to be revisited. Therefore, we conducted
a comprehensive ARPES study of the GaN(1010) surface in
order to map the dispersions of the uppermost bulk valence
bands and the filled N-derived surface state Sy and to extract
the effective hole masses directly with high precision.

II. EXPERIMENTAL

The angle-resolved photoelectron spectroscopy measure-
ments were carried out at the UES6/2 PGM-1 beamline at
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BESSY II using a SPECS PHOIBOS 100 electron analyzer
equipped with a two-dimensional CCD detector. The position
of the Fermi energy (Er) was calibrated using a clean Au foil
in direct electrical contact with the GaN sample.

In order to probe the bulk valence band dispersion without
adverse effects from surface reconstructions and contami-
nations, such as Ga adlayers on polar GaN surfaces [33],
we investigated freshly cleaved, clean, and stoichiometric
nonpolar GaN(1010) m-plane surfaces. For the experiments,
samples cut from GaN(0001) pseudosubstrates [n-type,
(1-3) x 10'® cm—3] were electrically contacted by a sputtered
Au film. A notch initiated the in situ cleavage in ultrahigh vac-
uum (p < 1078 Pa). A representative scanning tunneling mi-
croscopy (STM) image of such a surface is shown in Fig. 1(a)
illustrating that the cleavage results in GaN( 1010) surfaces
with large, atomically flat terraces [34-36]. Furthermore, the
overview photoelectron spectrum in Fig. 1(b) demonstrates
that the cleaved GaN surface is clean and stoichiometric. No
C is detected, while the minute O signal is attributed to the
oxidized GaN regions surrounding the cleavage surface, since
the beam diameter of ~90 pm slightly exceeds the width of
the cleavage surface of ~80 um.

III. RESULTS AND DISCUSSION
A. Distinction of bulk and surface bands

Figures 2(a) and 2(b) show the dispersion along the X
direction of the surface Brillouin zone (SBZ) [see Fig. 2(g)]
measured by ARPES with a photon energy of 62 eV. The
most dominant ARPES intensity, indicated by a red dotted
line in (b), is assigned to a bulk band since it is not affected by
surface degradation. Besides this band, additional bulk bands
are found (marked by red dash-dotted lines).

In contrast, a weakly dispersing state appears as a distinct
shoulder (indicated by blue dashed lines). This electron state
is visible in particular at the boundary of the SBZ around the

X point, while it is superposed by the strong emission from
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FIG. 1. (a) Overview STM image of the GaN(1010) cleavage

surface, taken at a sample voltage of +5.9 V and a tunneling current
of 80 pA. (b) Overview photoelectron spectrum (kv = 800 eV).

the aforementioned bulk band around the T point. Its intensity
gradually disappears due to surface degradation, clearly iden-
tifying it as a surface state. Moreover, the dispersion of only
~0.2 eV fits well to the almost vanishing dispersion of the
N-derived dangling bond surface state Sy found in theoretical
calculations [26,37—40]. Thus, this electronic state in the
ARPES spectra is assigned to the filled N-related surface state
band.

Since the surface sensitivity of ARPES depends on the
used photon energy and the photoelectron emission process is
always affected by matrix element effects, the photon energy
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was systematically varied between 62 eV and 100 eV. In
this way, the optimum experimental conditions regarding the
visibility of the Sy surface state band were found for hv =
80 eV, as shown in Figs. 2(c)-2(f). In comparison with the
situation at hv = 62 eV, the dominant bulk signal that masked
the surface state around the T" point is now shifted to higher
binding energies [Figs. 2(c) and 2(d)]. Hence, the dispersion
of Sx in the central region of the SBZ becomes visible. In ad-
dition, due to the higher photon energy a larger section of the
SBZ can be measured with the CCD detector, almost up to the
X point [Figs. 2(e) and 2(f)]. However, along this direction
the dispersion of Sy is again superimposed around the T point
by intense and energetically close bulk bands. In all cases we
observe only one surface state band with maximum at the T
point. This is in contrast to a previous ARPES measurement,
which, however, did not provide any experimental distinction
of surface and bulk states [26].

The deviation in the appearance of the bulk valence band
structure between hv = 62 eV and hv = 80 eV is related to
different k, values for the different photon energies as well as
to matrix element effects. At hv = 62 eV, we probe the bulk
I' point in normal emission geometry, taking into account an
inner potential of 15 eV relative to the valence band maximum
(VBM) [32]. In contrast, the measurement at hv = 80 eV
probes a k point roughly at 40% along the I'-M line.

(e)

o v s W=

‘> Binding energy (eV) &

)

r x>
ES

.1@

.3%

4 2

5 2

6 M

>

Intensity (a.u.)
2

/\\ )_(’

-

/
v

—~
Intensity (a.u.)
=
S
5
>
2k

T T T T T I T T T T T
6 5 4 3 2 1 Eg 6 5 4 3 2 1 Eg
Binding energy (eV) Binding energy (eV)

T T T T T
6 5 4 3 2 1 Eg
Binding energy (eV)

FIG. 2. ARPES results for (a),(b) hv = 62 eV and (c)~(f) hv = 80 eV measured along (a)~(d) the T-X and (e),(f) the T-X directions. The
blue lines indicate the dispersion of the surface state band Sy, while the red lines indicate bulk bands. (g) Relation between the wurtzite bulk

Brillouin zone (gray) and the SBZ of the (1010) surface (m-plane, blue).
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FIG. 3. (a) Bulk dispersion along the I'-X -M-I"-X path (hv =
62 eV). The red dashed and dotted lines indicate the bulk bands
analyzed in this work. The black and white dashed lines show the
calculated projection of the upper valence band edge taken from
Refs. [39] and [40], respectively. (b),(c) Energy surfaces at (b) 0.3 eV
and (c) 0.6 eV below the VBM. The asymmetry of the intensity
distribution is related to matrix element effects.

B. Valence band structure

A further ARPES measurement on a different GaN(1010)
cleavage surface is shown in Fig. 3. In contrast to the previ-
ously discussed cases, a scan of the complete two-dimensional
k) space was performed here, resulting in a three-dimensional
data set, providing the dispersion along any direction, as
shown exemplarily in Fig. 3(a) for the directions between the
high-symmetry points. Additionally, also energy surfaces can
be extracted, as shown in Figs. 3(b) and 3(c) for binding ener-
gies of 0.3 eV and 0.6 eV below the VBM, respectively. Due
to the already mentioned degradation of the sample caused by
the considerably longer acquisition time for this measurement,
the Sy surface state band has already disappeared and is no
longer visible in Fig. 3. This enables a detailed analysis of the
dispersion of the uppermost bulk valence bands.

Three bulk bands are identified in the ARPES data along
the T-X_ direction, as indicated by red lines in Fig. 3(a).
At this point, a reliable assignment to the heavy hole, light
hole, and the crystal-field split-off bands is difficult. Thus, the
band with the weakest dispersion and thus the largest effective
mass is named band A, the one with an intermediate effective
mass band B, and the most strongly dispersing one band C.
In contrast, only two bulk bands are identified along the T'-X
direction. The observation of two bulk valence bands instead
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FIG. 4. Comparison of the experimentally determined band
structure (symbols) with the calculated band structure taken from
Ref. [40]. The calculated projected bulk band structures are shown as
gray areas, whereas the surface state bands are indicated as dashed
gray lines. The blue open circles show the experimental dispersion
of Sy taken at hiv = 62 eV and hv = 80 eV. The bulk valence bands
taken at hv = 62 eV are indicated by red solid symbols, and the red
dashed and dotted lines are parabolic fits to the measured bulk bands
around the T point.

of three is assigned to rather similar effective masses for bands
A and B along the I'-K direction.

Moreover, the calculated projection of the upper valence
band edge [39,40] is shown as black and white dashed lines
in Fig. 3(a). It agrees very well with the intensity cutoff of the
experimental band structure.

As the measurement shown in Fig. 3 provides the pure bulk
dispersion around the I" point, it is used for a detailed analysis
of the bulk band structure and in particular of the effective
hole masses. For this purpose, intensity profiles like those
shown in Figs. 2(b), 2(d), and 2(f) are analyzed in detail to
extract the dispersion curves. A summary of the dispersions of
bulk and surface states derived from ARPES and a comparison
with band structure calculations from Ref. [40] are shown in
Fig. 4.

Now, we turn to the dispersion of the filled surface state
SN, which is derived from the measurements at hv = 62 eV
and hv = 80 eV shown in Figs. 2(a)-2(f). As shown in Fig. 4,
the surface state band Sy is located around the T point at or
slightly below the VBM. Along the T-X' direction, it first

shows an almost vanishing dispersion around the T point,
before it disperses downwards by ~0.2 eV towards the X
point. In the T'-X direction, a larger downwards dispersion
of ~0.5 eV is observed. The observed dispersion of the Sy
surface state agrees very well with band structure calculations
from Ref. [40], shown as a dashed gray line in Fig. 4. The
calculated surface state also exhibits a very weak dispersion
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TABLE I. The effective hole masses of the bands around the I" point, as derived from the parabolic fits to the observed bulk bands shown
in Fig. 4, in comparison with experimental and theoretical literature data. The nomenclature of the bands is chosen in decreasing order of their
effective masses. Literature values with a deviating assignment are marked with asterisks. All values are given in units of the free-electron

mass .

i i i migk ik
This work 1.94 +£0.25 0.97 +£0.30 0.10 £0.08 1.27 £0.30 0.31+0.20
Experiment
Merz et al.? 0.54
Im et al. 22+0.2
Steube et al.¢ 1.6 +0.5* 1.1+0.2 1.0+ 0.1*
Rodina et al.9 1.76 £0.30 0.42 0.30 0.68*/0.51 0.35*
Shields et al.® 1.8
Feneberg et al. 1.95 1.82/1.64
Theory
Suzuki et al.® 1.10 1.10 0.15 1.65%/1.10* 0.15*
Chuang and Chang" 1.10 0.60 0.17 0.77*/0.30 0.27*
Chen et al. 2.03 1.25 0.15 1.22%/0.34 0.33*
Majewski et al.’ 2.09 0.74 0.18 0.94%/0.39 0.37*
Kim et al.* 2.00 1.17 0.15 1.53*/0.35 0.33*
Yeo et al.! 1.96 1.96 0.14 1.96%/1.87 0.14*
Persson et al.™ 2.07 1.26 0.15 1.14%/0.33 0.32*
Carrier and Wei" 2.04 0.85 0.19 1.05%/0.43 0.39*
Rinke et al.® 1.88 0.92 0.19 1.27%/0.36 0.33*
Carvalho et al.? 2.00 1.22 0.20 0.92%/0.57 0.31*
Punya and Lambrecht4 1.85 0.55 0.20 0.80*/0.69 0.50*

aReference [15]; PRef. [17]; °Ref. [18]; YRef. [19]; °Ref. [20]; 'Ref. [21]; ERef. [1]; "Ref. [2]; ‘Ref. [3]; IRef. [4]; *Ref. [5]; 'Ref. [6]; ™Ref. [7];

"Ref. [8]; °Ref. [9]; PRef. [10]; 9Ref. [11].

around the T point for both directions in k space. However, in
previous ARPES experiments [26], where only the dispersion
along the T-X direction was studied, an energy minimum
around T was found, indicating a holelike behavior [26].
As pointed out earlier, these ARPES results suffer from the
lack of an experimental distinction between surface and bulk
states, so that the reported apparent minimum at T could be
due to an overlap of surface and more intense bulk bands.

C. Effective masses

From the dispersion of the observed bulk bands, the effec-
tive hole masses are determined by parabolic fits close to the
T point, which are indicated by the dashed and dotted lines in
Fig. 4. As shown in Fig. 2(g), the T-X  direction corresponds
to the bulk T'-A direction and the T-X direction to the bulk
I'-K direction. The obtained values are summarized in Table I.
The nomenclature of the bands is thereby chosen in decreasing
order of their effective masses, since a reliable assignment of
the bands for the different directions is difficult at this stage,
as pointed out earlier. In some cases, this differs from the
assignments used in literature, where strong anisotropies of
the effective masses are observed, e.g., with band C showing
the smallest effective mass in the I"-A direction but the largest
in the I'-K direction [1-11]. A more detailed discussion of the
band assignment is presented below. The agreement of the ob-
tained values with recent theoretical works is much better than
for previous experimental data. This is attributed to the direct
band structure measurement using ARPES, allowing a more
precise extraction of the effective hole masses as compared

to an indirect determination, e.g., using photoluminescence
spectroscopy, which relies on additional information on the
electron effective masses [17-19].

From the complete k; space measurement, also effective
masses along other directions are determined, allowing a
better understanding of the dispersion and the properties of
the bulk valence band structure. The results for the observed
bulk bands measured along several polar angles are shown
in Fig. 5(a). From the observed grouping of the data points,
they can now be assigned to different bands as shown by
the red lines. As can be already seen in Table I, band A
shows a strong anisotropy with a larger effective mass along
the I"-A direction, while band B has rather similar effective
masses around 1 my for all polar angles. Regarding band C,
our assignment suggests the smallest effective mass values for
both the I'-A and the I'-K directions. However, this behavior
is in contrast to the typical assignment reported in theoret-
ical works [1-11], where band C has the smallest effective
mass along the I'-A direction but the largest along the I'-K
direction. For comparison, an alternative assignment taking
the theoretical results into account is schematically drawn in
Fig. 5(a) as gray lines. Such an assignment is only possible
when band C crosses bands A and B. The effective mass plot
determined here does not indicate such a crossing. However,
a reliable statement on this issue is difficult on the basis of the
effective mass plot alone.

Thus, we calculated the energy surfaces on the basis of
the derived effective masses assuming a parabolic dispersion.
The results are shown together with the experimental energy
surfaces in Figs. 5(b) and 5(c) for 0.3 eV and 0.6 eV below the
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FIG. 5. (a) Polar plot of the effective masses for the bulk valence
bands along different directions in k; space obtained from a fit to the
experimentally observed bands. The red lines show our assignment
to the different bands, while the gray lines correspond better to an
assignment in agreement with theory. (b),(c) Comparison between
the measured energy surfaces at (b) 0.3 eV and (c) 0.6 eV below
VBM, as already shown in Figs. 3(b) and 3(c), and those calculated
from the effective masses. The red curves show the suggested shapes
of the energy surfaces for the three bands.

VBM, respectively. For both energies, the data points show a
good agreement with the observed photoelectron intensities.
The distribution of the data points as well as the observed
photoelectron intensities suggest a shape of the bands as
indicated in (c) by the red ellipses. Thus, our data do not
indicate any crossing of the bands, since band C in the
Brillouin zone center is clearly separated by a region with
lower photoelectron intensity from bands A and B.

Now the effective masses of the surface state Sy will be
discussed. Its weak dispersion in both directions (see Fig. 4)
results in rather large effective masses. For the T-X and
T-X directions, values of 9.4 +£2.0 my and 5.6 4+ 2.0 my,
are obtained, respectively. Thus far no other experimental or
theoretical values of the effective mass of the surface state
exist for comparison.

D. Fermi-level pinning and empty surface state

The sample degradation mentioned above does not only
lead to the gradual disappearance of Sy but also to a variation
in band bending, which needs to be considered to accu-
rately determine the position of the VBM from the ARPES
measurements and to accurately align the different measure-
ments. This alignment was performed by an extrapolation of
the Fermi-level position towards the situation of the freshly
cleaved surface on the basis of the band bending determined
from Ga3d core-level spectra. In this way, a binding energy of
(2.3 £0.1) eV for the VBM with respect to E is obtained.

As the Ga-derived surface state Sg, should primarily be
responsible for the Fermi-level pinning in the present case
of n-type GaN, the position of Er found at 2.3 eV above the
VBM (indicated in Fig. 4 by a black line) should correspond
to the minimum of the Sg, band at the T point. This clearly
demonstrates that the empty Ga-derived surface state band
reaches deep into the fundamental band gap.

Theoretical and experimental works disagree considerably
regarding the energetic position of the Sg, surface state band
[39-45]. The position of the minimum of Sg, at ~2.4 eV
above the VBM, as derived in Refs. [40,45], fits best to our
data. Our ARPES data hence do not only provide information
about the occupied band structure but also about the minimum
of the Sg, band.

IV. CONCLUSION

In conclusion, a comprehensive picture of the electronic
properties of the GaN(1010) surface was derived using
ARPES. We mapped the dispersion of the bulk valence bands
and of the occupied surface state band Sy and extracted the
effective hole masses with high precision. The experimental
energy surfaces do not indicate any crossing of the bulk bands,
in contrast to suggestions by most theoretical works. Addi-
tionally, the position of the minimum of the empty surface
state band Sg, within the bulk band gap was deduced from the
observed Fermi-level pinning. At the T point, the maximum
of Sy is found close to the VBM and the minimum of Sg, at
~2.3 eV above the VBM.
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