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The effects of ultra-high-pressure annealing (UHPA) on the surface of Mg-ion-implanted
GaN were investigated by X-ray photoelectron spectroscopy (XPS). After Mg ion
implantation or Mg-N co-implantation, GaN was annealed at 1400 °C for 5 min under a
nitrogen pressure of 1 GPa. No deterioration of the surface stoichiometry occurred after
UHPA despite the extremely high annealing temperature. The angle-resolved XPS with
calibration showed that the surface Fermi level was pinned at 0.5 eV from the conduction
band edge after dehydrogenation subsequent to UHPA. However, the absence of pinning at
the charge neutrality level showed that surface disorder was absent after UHPA. The surface
photovoltaic effect as an evidence of the achievement of p-type conduction even in the near—
surface region was more remarkable for Mg-N-ion-implanted samples after
dehydrogenation subsequent to UHPA. There is a possibility that the density of

N-vacancy-related defects was reduced more by Mg—N co-implantation.



1. Introduction

GaN has a wide band gap, a high breakdown field, a high electron mobility, a high

129 Compared with other

saturation electron velocity, and good thermal conductivity
wide-band-gap semiconductors, e.g., SiC and diamond, which are also promising materials
for power device applications, GaN has the advantage that it can be combined with other
[I-nitride alloys, such as AlGaN, InAIN, and InAlGaN, to provide an excellent
heterointerface while generating a two-dimensional electron gas with a high electron
mobility. Furthermore, an excellent MOS structure with an extremely minimized interface
state density at the insulator/GaN interface can be obtained *®. Even an excellent MOS
gate high-electron-mobility transistor can also be achieved”. This is surprising because the
interface between an insulator and III-V compound semiconductors is usually
characterized by a high density of interface states. Owing to these features, recently, this
material has attracted much attention with the expectation of realizing a high-efficiency
power device for decreasing electrical energy consumption®®). In particular, the vertical
MOS field-effect transistor (MOSFET) attracts much attention!®!?),

Power devices usually require selectively doped parts, including a guard ring and a
junction thermal extension, to enhance their performance and achieve a high efficiency. lon
implantation is a useful technique for selective doping in the fabrication of power devices.
However, it is generally difficult to obtain p-type GaN by ion implantation. Although Mg
ion implantation (Mg-I/I) is considered to be the most promising method, p-type
conduction in GaN had not been achieved. However, recently, p-type conduction in
Mg-ion-implanted GaN has been successfully achieved!*!. The key to this achievement
was increasing the temperature during annealing. It was reported that the temperature
should be 1230 °C or higher to obtain p-type conduction with Mg-ion-implanted GaN by
conventional rapid thermal annealing (RTA) with atmospheric-pressure nitrogen flow'’ 2%,
On the other hand, symmetric multicycle RTA in which the temperature was increased in
sequential pulses from 1000 to 1420 °C under a nitrogen pressure of 2 MPA has been
reported to achieve a high activation ratio of up to 10% without surface degradation'>~'9,
More recently, it has been reported that ultra-high-pressure annealing (UHPA), in which
the temperature was increased to 1400 °C under a nitrogen pressure of 1 GPa for
Mg-ion-implanted GaN, achieved a p-type conduction that was completely confirmed by
Hall effect measurement?). In the same study, the activation energy of Mg acceptors was
measured to be 212 meV, whereas the Hall mobility of holes was 24.1 cm2V~'s™ at 300 K

for UHP-annealed Mg-ion-implanted GaN with an acceptor concentration of 2.6x10'® cm™.



It was also concluded that more than 70 % of the implanted Mg atoms were activated as
acceptors through UHPA. Nevertheless, the effects of UHPA on the surface of
Mg-ion-implanted GaN have not yet been investigated in detail, even though atomic force
microscopy (AFM) revealed that no surface roughness degradation occurred after
UHPA?D,

In the application of GaN to power devices, the control of the surface and interfaces is
an important problem. In particular, the insulator/semiconductor interface should be
controlled to realize a MOSFET with a high performance. To control such an interface, we
should start by investigating the surface of UHP-annealed Mg-ion-implanted GaN. X-ray
photoelectron spectroscopy (XPS) is a powerful technique for investigating a
semiconductor surface. By XPS, we can investigate not only the chemical composition of
the surface but also surface band bending. Substantially, the angle-resolved XPS (ARXPS)
technique enables us to investigate abrupt surface band bending?>??. For p-type GaN,
however, it has been reported that the surface photovoltage (SPV) effect®, where the band
bending is reduced by the transfer of electrons and holes generated by X-ray illumination,
is significant even at room temperature’®. Nevertheless, the observation of this
phenomenon may lead to the confirmation of the p-type conduction in the near-surface
region of a semiconductor. The Fermi level pinning position may be derived by calibrating
the binding energy.

Here, we investigated the effects of UHPA on the surface of Mg-ion-implanted GaN by
XPS. We also investigated Mg—N-ion-co-implanted GaN. The stoichiometry, SPV effect,
band bending, and Fermi level pinning position at the surface of the implanted GaN after

UHPA were examined by XPS.

2. Experimental procedure

The sample preparation sequence and sample structure are shown in Figs. 1(a) and (b),
respectively. First, a 2-um-thick undoped GaN layer was grown on a free-standing
substrate via a 0.2-um-thick n"-GaN buffer layer by metalorganic vapor phase epitaxy.
Thereafter, Mg-1/I was carried out at room temperature. For comparison, a sample with
Mg-N-ion-co-implantation (Mg-N-I/I) was also prepared with the same maximum
concentrations of implanted Mg and N. Then, UHPA was performed under a nitrogen
pressure of 1 GPa at 1400 °C for 5 min. The resultant Mg concentration [Mg] measured by
secondary ion mass spectroscopy (SIMS) was 2-3x10'® cm™ from the surface to a depth of

~500 nm, as shown in Fig. 2(a), where the hydrogen density [H] profile is also plotted. H



atoms might have come from the moisture in the UHPA system because of the difficulty of
complete purge?”. The [H] profile is very similar to the [Mg] profile, which may indicate
the possibility of Mg passivation by H. This similar situation can be seen for the sample
with Mg-N-I/ as shown in Fig. 2(b). Therefore, additional annealing for the
dehydrogenation of Mg dopants was carried out at 850 °C for 60 min under atmospheric
nitrogen flow in an ordinary furnace. A sufficient decrease in [H] induced by this annealing
condition was confirmed by a separate experiment. After UHPA, sulfuric peroxide mix
(SPM) surface treatment, at a temperature below 80 °C, followed by buffered hydrofluoric
acid (BHF) treatment was carried out. After dehydrogenation annealing, BHF treatment
was carried out. XPS was performed at each step of the sample preparation sequence using
a monochromated Al-Ka X-ray source (1486.6 eV).

We confirmed that the surface of GaN was not etched by SPM treatment. After
partial etching by covering one side of the GaN chip with Al2O3, AFM was performed to
detect an etch step formed by 10-times-repeated SPM treatment. However, we did not find
any boundaries. In addition, the surface morphology was not affected by SPM treatment.
As shown in Fig. 3, the AFM image of the GaN surface after 1-time SPM treatment (Fig.
3(b)) and even after 10-times-repeated SPM treatment (Fig. 3(c)) did not show any
differences compared with that of the GaN surface without SPM treatment (Fig. 3(a)),
indicating that their root mean square (RMS) roughnesses are similar. It is highly likely
that the sample surface was not etched by SPM treatment because the treatment
temperature was sufficiently low. Therefore, the sample surface was cleaned by this

treatment without losing information about the effect of UHPA.

3. Results and discussion

3.1 Surface stoichiometry at each process step

The surface stoichiometry might be changed by UHPA because the temperature was as high
as 1400 °C even under the nitrogen pressure of 1 GPa. Therefore, the surface stoichiometry
should be examined. In particular, the absence of nitrogen desorption from the GaN surface
should be confirmed, even though the nitrogen pressure of 1 GPa is sufficiently higher than
the nitrogen equilibrium partial pressure®!:2®). Figures 4 (a) to (d) show N 1s spectra with Ga
LMM Auger spectra and Ga 3d spectra with N 2s spectra, for each step of the sample
preparation process. Here, the photoelectron take-off angle 6 was set at 45°. A Ga LMM
Auger spectrum was decomposed into three components according to the literature?- 3%,

whereas a Ga 3d spectrum was fitted by the combined Voigt function considering the



spin-orbit doublet. The intensity was normalized to the area of the Ga 3d spectrum. Although
the height of the N 1s N-Ga bonding component peak was reduced after Mg-I/I and the
subsequent process steps, the area of this spectrum remained almost the same. Therefore, no
evidence of nitrogen deficiency at the sample surface was observed. Although the increase
in peak width for Mg-I/I and subsequent process steps may have been caused by band
bending®* 2¥, a detailed analysis is beyond the scope of this study. (Band bending in the
as-implanted GaN might have been generated by acceptor-like defects.) More specifically,
the ratio of the spectral area of the N 1s spectrum, Inis, to that of the Ga 3d spectrum, /Ga3d,
for GaN at each process step is plotted in Fig. 5. Here, the component A shown in Fig. 4 (b)
for the as-implanted GaN is excluded in the calculation of the N 1s area because it should be
assigned to the N-O bonding of the surface oxide®” *”, although the reason why this
component was remarkable at the Mg-I/I step is unclear. If nitrogen deficiency occurred,
these ratios should become lower than those of the as-grown GaN. However, the INis/IGa3d
ratio remained almost the same as that of the as-grown GaN after Mg-1/I, UHPA, and
dehydrogenation. Therefore, the surface stoichiometry was maintained without nitrogen
desorption even after 1400 °C/5 min annealing. This result shows the efficiency of applying

an ultra-high nitrogen pressure during annealing at a temperature as high as 1400 °C.

3.2 SPV as evidence of p-type conductivity

SPV that reduces band bending is reported to be significant in the XPS of p-type GaN even
at room temperature?®. Figure 6 shows the schematic of the SPV effect. The electron—hole
pairs generated in the depletion layer by X-ray illumination should be separated by a strong
internal field owing to surface band bending. Thereafter, the holes move deeper inside,
while the electrons move to the surface. Consequently, band bending under illumination
should be reduced compared with that in the dark. Obviously, the core level related to the
constituent elements in GaN also moves. Therefore, the SPV effect is usually observed as a
shift of these core levels by X-ray illumination. Here, let us focus on the behavior of the
core-level spectrum from the absorbed carbon atoms, ie., the C 1s spectrum. This
spectrum is often used to calibrate the charge up due to the loss of electrons at the sample
surface, especially for a high-resistivity material. In this case, the C 1s spectrum should
shift to a higher binding energy. However, if SPV dominates in p-GaN, the C 1s spectrum
should move to a lower binding energy because SPV reduces the binding energy of C 1s,
as indicated in Fig. 6.

Actually, the Mg-ion-implanted GaN and Mg—N-ion-implanted GaN after UHPA and



subsequent dehydrogenation annealing showed a C 1s spectral shift to a binding energy
lower than the benchmark energy of 285.0 eV3Y, whereas the as-grown sample,
as-implanted sample, and the sample after UHPA without dehydrogenation annealing
showed opposite shifts. Figure 7 shows the C 1s spectra for all process steps measured at 6
= 45° for Mg-ion- and Mg—N-ion-implanted GaN samples. An opposite shift for the final
process step can be clearly seen for both implanted samples. The C 1s spectra at the
as-grown and Mg-I/I steps showed a positive shift dominated by a charge-up presumably
due to the loss of electrons at the surface, while the C 1s spectral shift after
dehydrogenation was negative owing to SPV for both the Mg-ion- and M—N-ion-implanted
GaN samples. After UHPA, since a positive shift smaller than those at the previous process
steps was observed, SPV might have been small. We performed ARXPS at each step of the
sample preparation process. The average shift of the C Is spectrum over five
measurements at various § values for each process step is summarized in Fig. 8. It can be
seen that SPV emerged after dehydrogenation subsequent to UHPA for both the Mg- and
M-N-implanted GaN samples. It should be noted that SPV was more significant for the
M-N-implanted GaN sample. This difference is discussed later. Nevertheless, SPV implied
the possibility of downward band bending.

3.3 Confirmation of p-type band bending
When band bending within the photoelectron escape depth is negligible, the Fermi level

position EF relative to the valence band maximum (VBM) Ev can be derived as

Er —Ey = Ep — Egaza — (Ev — Egaza) = Bgaza — (Bgaza — Bvem)- (1)

where EGa3d is the Ga 3d core level energy, and Bcasd and Bvewm are the binding energies of
Ga 3d and VBM, respectively. Here, (BGasa — Bvem) 1s a material constant of GaN. Once
(BGasda — Bvem) is known, (Er — Ev) can be obtained by measuring Bcasd. To apply this
method to an actual GaN surface, (BGazd — BvseMm) should be measured. Figure 9 shows Ga 3d
and VBM spectra of the as-grown undoped GaN layer measured at 6 = 45°. Similar results
were obtained at 8 = 15°, 30°, 60°, and 90°. Bvem was derived from the extrapolation of the
lower-binding-energy edge of the VBM spectra. As the average of all data obtained at five
values, (BGa3zd — Bvem) = 17.2 eV. With 6, the photoelectron escape depth 4 is changed as

A = Aysind, (2)



where Ao is the inelastic mean free path of the photoelectron in GaN. Here, 1o was
calculated to be 2.57 nm for the Ga 3d spectrum according to the literature®**¥. Using this
value, we can derive (Er — Ev) at each 4 from the Ga 3d spectrum as shown in Fig. 10(a),
where the values derived directly from the VBM spectral edge are also shown. An
excellent coincidence between the values obtained by both methods, i.e., Ga 3d-based and
VBM-based methods, can be seen. Thus, we can derive the (Er — Ev) value from the Ga 3d
spectrum. We also confirmed that the spectral shapes coincided between the Ga 3d spectra
at @ = 15° and 90°, which indicated that the effect of the surface oxide on the (Er — Ev)
determination could be ignored in the analysis of this spectrum. For the as-implanted
sample, ARXPS indicated the Ers located at Ec — 0.9 eV as shown in Fig. 10(b). This
position coincides with the measured charge neutrality level Ecni*®, which indicated that
the structural disorder, or lattice disorder, in the implanted GaN was severe.

ARXPS is a convenient method of distinguishing the existence of abrupt band bending
at the surface of a semiconductor?? 2%, As described above, when the depletion layer width
is sufficiently larger than the photoelectron escape depth and surface band bending is not
abrupt, the measured (Er — Ev) should be unchanged at any 6, as shown in Fig. 10(a).
However, when the doping concentration is sufficiently high to result in a small depletion
width with abrupt surface band bending, resulting in a large variation in potential within the
photoelectron escape depth, (Er — Ev) should be changed by € or A. This phenomenon
should be reflected in the binding energy of the Ga 3d spectrum. Namely, if abrupt band
bending exists at the GaN surface, the Ga 3d spectrum shifts monotonically with 6.

In the implanted sample, the Mg doping concentration was sufficiently high to make
the surface band bending abrupt. The expected #-dependent shifts of the Ga 3d spectrum
were observed for the sample after dehydrogenation annealing subsequent to UHPA as
shown in Fig. 11. As 6 was decreased to make the analysis surface-sensitive, BGa3d
increased. According to Eqgs. (1) and (2), this means that (Er — Ev) increased, or Er
approached Ec, as 4 or probing depth decreased.

(E¥ — Ev) under X-ray illumination derived from the Ga 3d spectrum is plotted versus 6
in Fig. 12(a) for Mg-implanted and Mg—N-implanted samples. This plot shows that the
present samples after the completion of the dopant activation exhibited abrupt p-type
surface band bending, which indicates the successful achievement of the p-type conduction
even in the near-surface region. If (Er — Ev) in the dark can be derived, it is useful

information.



3.4 Correction of surface photovoltaic effect

Considering the mechanism shown in Fig. 6, the calibration method based on the C 1s
peak position used for the samples without SPV can be applied to the sample after
dehydrogenation with SPV. The results with this calibration are shown by the solid circles
in Fig. 12(b). Here, the calibration was carried out for each 6 using each C 1s shift. (The C
Is shift in Fig. 8 is the average value over all # values.) In this figure, the solid line is the
line fitted on the basis of the simulation results assuming the surface Fermi level pinning at
Ec — 0.5 eV. The details of the simulation are described in Ref. 24. Briefly, the XPS peak
position is given by the integration of the photoelectron response spectrum at each depth
along the bent band. In this simulation, the core-level spectral intensity / as a function of the

binding energy E is given by

I(E) = fooo I,(E, 2)exp (— %) dz, 3)

where Io(E, z) is the intensity of photoelectron response at £ and the depth z. o(E, z) is given
by the Voigt function, which has a peak at Eo. Taking into account band bending, Eo is a
function of z. The relationship between Eo and z is given by considering the solution of the
Poisson equation. The simulation result shown in Fig. 12(b) is in good agreement with the
experimental data. Therefore, the surface Fermi level Ers of both samples should have been

pinned at Ec — 0.5 eV upon dehydrogenation subsequent to UHPA.

3.5 Origin of Ers pinning

After UHPA and subsequent dehydrogenation, Ers located at Ec — 0.5 eV. Because the
band bending was downward, the charge generated by Mg acceptors in the depletion layer
was negative. Therefore, positive charge should have existed at the surface or in the
near-surface region. This indicated the existence of the donor-like bulk defect level at Ec —
0.5 eV in the near-surface region by the reason as follows. According to the
disorder-induced gap state model concerning the origin of semiconductor surface/interface
states, the surface states density (Nss) distributes in a U shape in the band gap®>. The
U-shaped Nss distribution has been confirmed experimentally on the GaN bare surface’®).
Figure 13 shows a schematic diagram of the charge-up mechanism of surface states. The
surface states on the upper side above Ecnr (Ec — Ecne = 0.9 eV3?) are acceptor-like states,

while the surface states located below Ecni are donor-like states®. With the Ers position at
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Ec — 0.5 eV above Ecni, the surface states should be charged up negatively (Fig. 13(a)).
Therefore, positive charges cannot be generated by the surface states unless Ers locates
below Ecni (Fig. 13(b)). Thus, the positive surface charge should have been generated by
the donor-like bulk defect level in the near-surface region of GaN after UHPA and
subsequent dehydrogenation. Consequently, a donor-like defect level at Ec — 0.5 eV should
have existed in both samples in addition to surface states.

Combined with the retention of the surface stoichiometry after UHPA, the donor-like
defect level at Ec — 0.5 eV was unlikely assigned to the F'n-related defect. On the basis of
the previously reported calculation results®”, no simple defects produce a donor-like defect
level at Ec — 0.5 eV. Instead, according to Refs. 38—41, the bulk defect level at Ec — 0.5 eV
might be related to the dislocations. Actually, a transmission electron microscopy study
showed that interstitial-type extended defects and inversion domains were generated in the
GaN bulk after UHPA at 1300 °C, while vacancy-type extended defects were observed after
UHPA at 1480 °C.*?

3.6 Origin of SPV difference caused by N-co-implantation

It should be noted that Ers was not pinned at Ecni, where pinning occurs with high a
density of surface states for both samples in Fig. 12(b). If the surface disorder is severe, a
high Nss pins Ers at Ecni. Therefore, the Ers location at Ec — 0.5 eV sufficiently above Ecn
indicated the absence of a severe disorder at the surface. Combined with the result that the
stoichiometry of the GaN surface did not deteriorate, UHPA never deteriorates the GaN
surface.

Despite the same Ers pinning position and band bending in the dark, as shown in Fig.
12(b), SPV was more significant for the Mg—N-implanted GaN, as shown in Figs. 8 and
12(a). There is a possibility that there are less amounts of defects in the Mg—
N-ion-implanted sample by the following reason. The photocurrent Jph under X-ray

illumination is given by*?

Jon = q®[1 — exp (—aW)], (4)
where ¢ is the elementary charge, @ is the incident photon flux density, a is the absorption

coefficient, and W is the depletion layer width. In the steady state, Jyh should balance with

the sum of the restore current and the recombination current Jrec. Jree might consist of



surface recombination due to the surface states and bulk recombination due to the defect

levels. The restore current should be thermionic-field-emission (TFE) current given by*

_ A*T\/ﬂEooq(¢B+¢p_V) % _ Q(¢B+¢p) ﬂ
]TFE (V) - k cosh (EOO/kT) ex [ kT Ep ] exp (Eo)’ (5)
where
—ah | Na
EOO - 4'7T m*é.s’ (6)
EO = Eoocoth (%), (7)

A" is the Richardson constant, T is the temperature, ¢s is the Schottky barrier height, ¢p = Ec
— EF, V'is SPV, k is the Boltzmann constant, % is the Plank constant, m* is the effective mass
of a hole, ¢s is the dielectric constant, and Na is the acceptor concentration. However, we
found that Jter with Eoo given by Eq. (6) was very small compared with Jph. According to
Ref. 45, defects in the near-surface region can increase Eoo by enhancing the tunneling
current, which is considered here. Let us assume that the following equation was achieved

by the Mg-ion-implanted sample, i.e.,

]TFE(O-6 V) = ]ph — Jrec 3)

and

JrrE 0.8V) = ]ph — BJrec ©)

was achieved by the N-co-implanted sample for the same Jyh, where B is the multiplying
factor. Although the estimation of @ is difficult, it seems to range from 10'? to 10'* cm™2s™!
2549 For estimating Jpn, we use a = 800 cm™'*9 and W = 20 nm. If we assume the same
value of Eoo for both samples, we can calculate Jrre for each V. Thereafter, B and Jrec can be
derived from Egs. (8) and (9). Figure 14 shows B calculated as a function of Eoo. B less than
unity is calculated for possible Eoo in the range where Jtre is comparable to Jph. Since the

surface states seem to be similar for both samples considering the same Fermi level pinning
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position, this estimation result indicated that the defect density in the GaN bulk was reduced
by N-co-implantation. Actually, it has been reported that the density of N-vacancy
(Vn)-related defects was reduced by N-co-implantation at the as-implanted process step*”).
Although the density of Fn-related defects is reduced by UHPA even for the
Mg-ion-implanted sample®", there is a high possibility that the initial reduction led to a
further reduction in the I'n-related defects upon UHPA for the Mg—N-ion-implanted sample.
In other words, it is highly likely that the N-co-implantation combined with UHPA is
effective for a thorough reduction in the density of Vn-related defects. A Mgcal'N complex
defect can be a donor to compensate for the Mg acceptor’”. Therefore, there is a possibility

that the acceptor compensation rate was improved by N-co-implantation.

4. Conclusions

The effects of UHPA on the surface of Mg-ion-implanted GaN were investigated by XPS.
No deterioration of the surface stoichiometry occurred after UHPA. On the basis of the C 1s
core level shift, SPV on a p-type semiconductor was observed for both Mg-ion-implanted
GaN and Mg-N-ion-co-implanted GaN after dehydrogenation annealing subsequent to
UHPA. In addition, ARXPS after dehydrogenation showed that the Ga 3d core-level
spectrum shifted as the photoelectron take-off angle was varied, which indicated that p-type
band bending was generated. Thus, p-type conduction was achieved even in the
near-surface region of Mg-ion-implanted GaN with and without N-co-implantation. ARXPS
with calibration showed that the surface Fermi level was pinned at 0.5 eV from the
conduction band edge after hydrogenation subsequent to UHPA. However, the absence of
pinning at Ecne showed that surface disorder was absent after UHPA. SPV was more
remarkable for the sample with N-co-implantation. There is a possibility that the density of
I'n-related defects was reduced to a greater extend by N-co-implantation combined with

UHPA.
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Figure Captions

Fig. 1. (a) Sample preparation sequence. XPS was performed at each process step. (b)

Completed sample structure.

Fig. 2. SIMS profiles of [Mg] and [H] in GaN after UHPA for (a) Mg-I/I and (b) Mg—N-I/I.

Fig. 3. AFM images. (a) as-grown GaN (RMS = 0.356 nm). (b) after 1-time SPM treatment
(RMS = 0.358 nm). (c) after 10-times-repeated SPM treatment (RMS = 0.390 nm).

Fig. 4. N 1s, Ga LMM Auger, Ga 3d, and N 2s spectra measured at § = 45° for (a)
as-grown, (b) Mg-I/1, (c) UHPA, and (d) dehydrogenation process steps. The intensity is
normalized to the area of Ga 3d for each process step. The binding energy is adjusted to be

relative to that of Ga 3d spectra.

Fig. 5. Areal ratio INis/[Ga3d at each process step.

Fig. 6. Schematic diagram illustrating SPV effect.

Fig. 7. C 1s spectra for process steps of (a) as-grown, (b) Mg-I/I, (c) UHPA after Mg-I/I,
(d) dehydrogenation after Mg-1/1 with subsequent UHPA, (e¢) UHPA after Mg—N-I/I, and (f)
dehydrogenation after Mg—N-I/I with subsequent UHPA. The binding energy was
calibrated by setting Au 4f 7,2 at 84.0 eV prior to this measurement.

Fig. 8. Average values of C 1s core-level shifts over five measurements for each process

step.

Fig. 9. Ga 3d and VBM spectra measured for as-grown GaN at 6 = 45°. The binding energy
was calibrated by setting C 1s at 285.0 eV.

Fig. 10. Plots of (Er — Ev) derived from Ga 3d and VBM spectra vs. escape depth for (a)
as-grown undoped GaN and (b) as-implanted GaN.
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Fig. 11. Ga 3d spectra measured at five 6 values for GaN after the final process step of
dehydrogenation. The binding energy was calibrated by setting Au 4f 72 at 84.0 eV prior to

this measurement. The broken line is guide for the eyes.

Fig. 12. Plots of (Er — Ev) under X-ray illumination derived from Ga 3d spectra at five 6
velues as a function of escape depth for GaN after the final process step of

dehydrogenation. (a) Without calibration of SPV eftect. (b) With calibration.
Fig. 13. Schematic diagram of charge-up mechanism of surface states. Hatched areas
indicate occupied surface states. (a) When Ers locates above Ecni, surface states are

ionized negatively. (b) When EFrs locates below Ecni, surface states are ionized positively.

Fig. 14. Estimated multiplying factor B as a function of Eoo for @ = 1X 10 cm?eV ' and

®=1X10Bcm?eV%.
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Fig. 3.
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