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Effects of Surface Treatment on Fermi Level Pinning at Metal/GaN

Interfaces Formed on Homoepitaxial GaN Layers

Kazuki Isobe and Masamichi Akazawa*
Research Center for Integrated Quantum Electronics, Hokkaido University, Sapporo
060-0813, Japan

*E-mail: akazawa@rcige.hokudai.ac.jp

The effect of chemical surface treatment on the uncontrolled surface oxide at a GaN surface
and on Fermi level pinning at subsequently formed metal/GaN interfaces was investigated
for a GaN epitaxial layer grown on a GaN substrate. The impact of several chemical
treatments, including photolithography, on the surface oxide and the resultant surface band
bending at the GaN surface was examined by X-ray photoelectron spectroscopy. Surface
band bending was reduced by the reduction in the amount of uncontrolled surface oxide. The
metal/GaN interfaces formed subsequent to these chemical treatments were investigated by
electrical measurement for Schottky barrier diodes. We found that the reduction in the
amount of uncontrolled surface oxide leads to an increase in the slope factor in the
metal-work-function dependence of the Schottky barrier height. The mechanism of Fermi

level pinning at the metal/GaN interface is discussed.
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1. Introduction
GaN is a promising material for power devices'? because of its wide band gap (3.4 eV),
high breakdown field (3.3 MV/cm), high electron mobility (1,200 cm?/V-s), and high
electron saturation velocity (2.6x107 cm/s). High-quality GaN epitaxial layers can be
obtained since GaN free-standing substrates have recently become available, enhancing the
expectation that GaN can be useful for high-efficiency power devices. To fully derive the
excellent characteristics of GaN-on-GaN epitaxial layers, control of the surface and
interface is a critical issue. Surface treatment can affect the characteristics of subsequently
formed interfaces with different materials. Since a metal/GaN interface is one of the most
important building blocks in electronic devices, it is necessary for device design to obtain
knowledge about the effect of surface treatment on the electrical properties of this
interface.

The Schottky barrier height, ¢s, is a key parameter in characterizing the metal/GaN
interface. According to the Schottky—Mott model®, #s at an ideal metal/semiconductor

interface is given by

b = dm — X (1)

where ¢m is the work function of the metal and yx is the electron affinity of the
semiconductor. However, in general, this relation does not apply and the slope factor given

by the following equation is used to describe the dependence of ¢B on ¢m.

_dgs

S =
ddm

2)

The ¢—¢m relation with S=1 is called the Schottky limit, whereas that with S=0 is the
Bardeen limit where the Fermi level is completely pinned, as shown in Fig. 1. Usually, S
takes a value smaller than 1. This phenomenon is called Fermi level pinning, in a broad
sense, at the metal/semiconductor interface. Stronger pinning results in a smaller S. Thus
far, several models concerning the origin of this phenomenon have been proposed*?.
However, the mechanism of this phenomenon is still under debate.

For GaN-on-sapphire and GaN-on-SiC epitaxial layers, several reports have been
published on the ¢s—¢m relation and the slope factor at the metal/GaN interface’ !,

However, these epitaxial layers have usually suffered from the leakage current under
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reverse bias voltage'>. The thin surface barrier (TSB) model has been proposed to explain
the mechanism of this leakage current'®!”. According to the TSB model, leakage current
flows through the thin surface tunneling barrier generated by the unintentional introduction
of high-density donor-type defects. Recently, it has been reported that a GaN-on-GaN
epitaxial layer is free from this kind of leakage current!® !9). Therefore, it is worth studying
Fermi level pinning at metal/GaN interfaces for this layer. Indeed, the ¢s—¢m relation has
been newly reported?®22).

Surface treatment of air-exposed GaN prior to metal deposition is crucial for
obtaining desirable electrical properties of a metal/GaN interface for the following reason.
After crystal growth, the GaN surface is exposed to air, resulting in the inevitable
formation of an uncontrolled surface oxide layer. Although several reports on surface
treatment have been published, it is difficult to remove this oxide layer completely using
ordinary solutions®’2”. Recently, it has been reported that the surface oxide layer formed
by long-term air exposure after specific chemical treatments has a crystalline nature?$3%,
However, even this kind of oxide layer can consist of multiple crystalline forms with
disordered phases and Ga-related defects®® *?). Therefore, an uncontrolled surface oxide
layer may be a source of disorder at the GaN surface and metal/GaN interfaces, although a
“well-controlled” native oxide layer has been reported to reduce the interface state density
at the insulator/GaN interface®'%. According to the disorder-induced gap state (DIGS)
model®), the origin of Fermi level pinning at the surface and interfaces is the gap states
induced by disorder in chemical bonding. There is a possibility that the uncontrolled
surface oxide layer causes Fermi level pinning at metal/GaN interfaces. It is important to
know how this uncontrolled surface oxide layer affects the metal/GaN interface.

In this work, we investigated the impact of surface treatment on the uncontrolled
surface oxide and on the electrical properties of the metal/GaN interfaces of a
GaN-on-GaN epitaxial layer. The amount of surface oxide was varied by several chemical
treatments, and the resultant Fermi level pinning at the subsequently formed metal/GaN
interfaces was examined. We found that there is a correlation between the chemically

treated GaN surface and the subsequently formed metal/GaN interfaces.

2. Preparation of samples
An n-type GaN epitaxial layer (2 pm, Si-doped: 5.0 x 10'® c¢m™) was grown by
metalorganic vapor phase epitaxy on a free-standing c-plane n-type GaN substrate (grown

by hydride vapor phase epitaxy, dislocation density < 5.0 x10°® cm 2, Si-doped: 2.0 x 108
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cm™). The effects of chemical surface treatments on the GaN surface were investigated by
X-ray photoelectron spectroscopy (XPS) with a monochromated Al-Ko X-ray source
(1486.6 eV). For electrical characterization of the metal/GaN interfaces, Schottky barrier
diodes (SBDs) were fabricated by forming metal electrodes onto the chemically treated
GaN surface. To set the same surface treatment conditions for the sample subjected to
surface investigation and the SBDs, we prepared the sample as follows. After organic
cleaning, photolithography process including spin coating of photoresist, prebaking at
90 °C, exposure to deep-ultraviolet light, and a development process, was performed. Here,
the developer solution mainly contained tetramethyl ammonium hydroxide (TMAH).
Thereafter, a hydrochloric acid (HCI) treatment (HCI:H20 = 1:3, 1 min) and a buffered
hydrofluoric acid (BHF) treatment (HF:NH4F = 1:5, 1 min) were performed, followed by
rinsing with deionized water. It has been reported that HCl and BHF treatments are
effective for reducing the amount of oxide on the GaN surface’*?”. We examined the
effects of six treatments, as shown in Table I, by XPS. For the SBDs, Ag, Cu, Au, Ni, and
Pt electrodes were subsequently deposited by electron-beam evaporation. The completed

SBD sample structure is shown in Fig. 2.

3. Results and discussion

3.1 Impact of surface treatment on GaN surface

The O 1s spectra obtained by XPS for GaN layers with various surface treatments are
summarized in Fig. 3 where the intensity is normalized to Ga 3d spectral area for each
treatment so that the spectral area ratio of O 1s to Ga 3d is proportional to area of O Is
spectrum in this figure. These spectra can be commonly decomposed into two components,
i.e., the O-Ga bonding component (531 eV) and the O-H bonding component (533 eV)?.
The former is assigned to the surface oxide, the latter to adsorbed water molecules. It can
be clearly seen that the intensity of the O-Ga component was reduced by BHF (treatment
B) and HCI (treatment C) treatments. Therefore, these treatments are efficient in reducing
the amount of the surface native oxide. From the peak intensity, the thickness of the
surface oxide layer after the BHF and HCI treatments is 0.1 nm or less, which indicates
that the native oxide did not form a layer but was most likely scattered on the surface.
Actually, the shapes of Ga 3d spectra measured after these treatments coincide with that of
the untreated surface, as shown in Fig. 4, which indicates that the oxide component was
negligible in this spectrum because the surface oxide layer was very thin. Although the

intensity of the O-Ga component was also reduced by dipping in the developer solution for
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25 s (treatment A), it increased after a longer developing time of 1 min (treatment D). This
result might indicate that the native oxide was regrown by developing for a longer time.
Since the developer solution contained TMAH as the main component, it is highly likely
that the surface of GaN was slightly etched during the developing process. This is natural if
we consider that TMAH is used as an etchant for GaN>?),

With band bending, the surface Fermi level position is different from that in the bulk.
When the doping concentration is sufficiently low to make the depletion layer width much
larger than the photoelectron escape depth, the surface Fermi level position can be derived
by XPS. The measured valence band maximum (VBM) spectrum after each surface
treatment is shown in Fig. 5. It can be seen that the surface treatment shifted the VBM
spectra, which indicated that the surface Fermi level position was shifted by the surface
treatment. Referring to Fig. 3, it seems that the surface Fermi level positions are related to
the intensity of the O-Ga component of the O 1s spectrum. The Fermi level positions
derived by straight-line extrapolation of the VBM spectra for several treatments are plotted
versus the ratio of the O 1s O-Ga bonding peak area (lois0-Ga)) to the Ga 3d spectral area
({cazd) in Fig. 6, where solid circles indicate the experimental data and the solid line
indicates the fitted line described later. It is clear that the surface Fermi level, EFs,
approaches the conduction band minimum, Ec, as the lo1s0-Ga)/lGazd ratio decreases. In
other words, band bending was reduced as the amount of surface oxide decreased. Given

the values of Ers—Ec, the density of the space charge in the depletion layer Op can be

derived by
9o _ \/ZSSNDU)S _ \/2€SND(EFS_EFB) 3)
a a q ’

where ¢ is the elemental charge, s is the dielectric constant of GaN, Nb is the doping
concentration, s is the surface potential, and Ers is the bulk Fermi level. This Op should
have been compensated by the surface charge Qs including the extrinsic fixed charge, the

surface polarization charge, and the surface state charge. Therefore, we obtain

s _ _ Q9o

-2 @

q q

-QOs/q calculated from each Ers position versus the /o1s0-Gay/lGa3d ratio is plotted by the

solid circles in Fig. 7. In the semilog plot, a linear trend can be seen. The solid line in Fig.

5
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7 indicates the straight line fitted to the solid circles. Using this relation obtained by fitting,
the relation between Ers—ErB and lo1s0-Gay/lGa3d Was calculated with Egs. (3) and (4) as
plotted by the solid line in Fig. 6. An excellent fit can also be seen in Fig. 6. These results
indicated that the reduction in the amount of the oxide component leads to the reduction of
the surface charge and band bending.

Band bending can be a result of the surface states and/or the fixed charge. With the
obtained results, we cannot distinguish which is the cause of band bending. Still, the
obtained results might indicate that the surface oxide caused the surface disorder leading to
the generation of the surface states. There is a possibility that the reduction in amount of
the surface oxide with the reduction of disorder leads to a reduction in Fermi level pinning
at the metal/GaN interface after the deposition of the metal layers onto the chemically

treated GaN surface.

3.2 Fermi level pinning at metal/GaN interface

Metal layers were deposited after performing the surface treatments on the GaN surface to
fabricate SBDs. The current—voltage (/-V) characteristics measured at RT are shown in Fig.
8 for SBDs with treatments A, B, C, and E. The formation of Ag electrodes on the GaN
surface with treatment B was difficult, presumably because of the absorbed fluorine atoms
on the surface. Therefore, the Ag-electrode SBD with treatment B is not included. SBDs
with treatment D were not fabricated because no improvement of surface Fermi level
pinning was seen compared with the case of treatment A. It can be seen that the variation
of the magnitude of reverse-bias current is the smallest for treatment A and the largest for
treatment C.

To evaluate the Schottky barrier height, it is necessary to consider that the current
transport mechanism depends on the carrier concentration and temperature®®. In other
words, there is an applicable bias range for the current transport model that depends on the
carrier concentration and temperature. On the basis of the calculation for the present
samples at RT taken from Ref. 35, the thermionic emission (TE) model can be applied to
the forward -V characteristics, while the thermionic-field emission (TFE) model is
suitable for the reverse bias range.

In the TE model, I-V characteristics are given by >

= w70 (202 () 1]
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.  Amqm*k?
A" = — (6)
¢p = ¢p; + A, (7
1
_ (@®Nplysl)+ 8
2 = (Lomltel), ®)

where 4" is the Richardson constant, T is temperature, ¢ is the elementary charge, @i is the
Schottky barrier height lowered by the image force, & is the Boltzmann constant, n is the
ideality factor, m" is the effective mass of an electron, / is the Planck constant, and A¢ is
the lowering of the barrier height due to the image force. In Fig. 9, examples of fitting
results are shown for samples with (a) treatment A and (b) treatment C. For both treatments,
the experimental data closely fit to the TE model indicated by the solid lines. It is clear that
the dependence of the current variation on the metal species is more marked for the sample
with treatment C, which indicates that the ¢p—¢m relation was changed by the surface
chemical treatment.

For all fabricated samples, ¢B evaluated using the TE model is plotted as a function of
¢m in Fig. 10(a). gm 1s 4.28 eV for Ag, 4.65 eV for Cu, 5.10 eV for Au, 5.15 eV for Ni, and
5.65 eV for Pt!?. The slope factor S is the smallest for treatment A and the largest for
treatment C. Although the ¢m dependence of ¢ changes with the surface treatment, the
four fitted lines almost intersect at one point, ¢m = 5 eV. This point is considered to be the
charge neutral point, Ecni, of GaN, indicating that Ec—Ecne= ~0.9 eV, which is in good
agreement with theoretical predictions*® *” within the experimental error. The resultant
electron affinity is 4.1 eV, which is in good agreement with the previously reported
experimental data*®. On the other hand, the evaluated » values are plotted as a function of
the metal work function in Fig. 10(b). The small »n values indicate that nearly ideal -V
characteristics are obtained owing to the excellent quality of GaN on GaN, which also
indicates that the fit to the TE model is appropriate for the forward bias voltages.

For the reverse bias voltages, the TFE model was applied. In the TFE model**>, the

I-V characteristic for a nondegenerated semiconductor is given by'>

- v____ v
] - ]S eXp [kT EOO COth(Eoo/kT):l’ (9)
_ A'TYmEqo _ a9si _ a9si
]S - k \/CI(V ¢f) + COShZ(Eoo/kT) X exp [ EOO COth(Eoo/kT):l’ (10)
_ gt | Np
Boo=2 |22, (1)
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where ¢f = Ec — EvB and 7 is the reduced Planck constant. Examples of fitting results are
shown in Fig. 11 for the samples with (a) treatment A and (b) treatment C. An excellent fit
was achieved. The ¢B values derived by fitting to the TFE model are plotted versus ¢m in
Fig. 12. ¢—¢m relations similar to those in Fig. 10(a) can be seen. Although the ¢s—¢m plot
for the sample with treatment E slightly deviates, the other plots nearly cross at around ¢m

=5 eV, which again indicates that Ec—Ecne=~0.9 eV.

3.3 Correlation between GaN surface and metal/GaN interface

The results described above indicate that the reduction in the amount of the surface oxide
leads to a reduction of Fermi level pinning at the GaN surface and the subsequently formed
metal/GaN interfaces. Figure 13(a) shows plots of ¢B versus the XPS spectral area ratio
lo1s(0-Gay/lGa3d for all SBDs. It can be clearly seen that the reduction in the amount of
surface oxide leads to an increase in the variation range of ¢s depending on the electrode
metal. The slope factor S is plotted against /o1s0-Ga)//Ga3d in Fig. 13(b). As the amount of
surface oxide is reduced, S increased nearly exponentially. These results imply that
uncontrolled surface oxide should be removed to remove Fermi level pinning at the
metal/GaN interface. It is highly likely that the surface oxide is a factor in interface
disorder. According to the DIGS model, the origin of Fermi level pinning at the
semiconductor surface, the metal/semiconductor interface, and furthermore, the
insulator/semiconductor interface is the disorder of the chemical bonds at the surface and
interfaces. The present experimental results can be explained by the DIGS model. In the
present work, the disorder was quantified as the relative amount of surface oxide, i.e.,
1015(0-Ga)/IGa3d, to show that the reduction of disorder leads to the reduction of Fermi level
pinning at the metal/GaN interfaces.

It should be noted that the position of Fermi level pinning on the untreated GaN
surface derived by XPS and Ecne determined from the ¢s—¢m plots for various surface
treatments are roughly the same, i.e., Ec—0.9 eV for both. Ecne can be interpreted as the
position of Fermi level pinning for the strongly pinned metal/semiconductor interface.
Therefore, it can be concluded that strong pinning commonly occurs at Ec—0.9 eV for both
the GaN surface and the metal/GaN interface. Furthermore, on the basis of Figs. 10(a) and
12, the strong pinning point or EcnL locates at ~5 eV from the vacuum level. Again, this
result is in agreement with the prediction by the DIGS model®, which insists that Ecxe

should locate at around 5 €V under the vacuum level for all semiconductors.
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4. Conclusions

The effect of chemical surface treatment on the uncontrolled surface oxide at a GaN surface
and on Fermi level pinning at metal/GaN interfaces was investigated for a GaN epitaxial
layer grown on a GaN substrate. XPS study revealed that surface band bending was reduced
by the reduction in the amount of uncontrolled surface oxide. It is highly likely that the
decay of Qs resulting in an E¥s shift toward Ec occurred as the amount of surface oxide was
reduced. The electrical measurement of completed SBDs revealed that the ¢s—¢m relation
was greatly affected by the surface treatments. It was shown that the reduction in the amount
of surface oxide led to a reduction in Fermi level pinning, resulting in an increase in the slope

factor of the gp—¢m relation. The observed phenomena can be explained by the DIGS model.
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Figure Captions

Fig. 1. Schematic diagram of ¢s—¢m plot indicating degree of Fermi level pinning at

metal/semiconductor interface.
Fig. 2. Structure of completed SBD.

Fig. 3. XPS O Is spectra from several GaN surfaces indicating the effect of chemical
treatments. The intensity is normalized to that of Ga 3d peak area for each treatment. [Data
for untreated, treatment A, and treatment C samples are taken from our previous report??;

licensed under a Creative Commons Attribution (CC BY) license.]

Fig. 4. Shapes of Ga 3d spectra of the GaN surfaces without any treatments and with
treatment C, where the two peaks were aligned by height. The peak of the latter was shifted

to overlap with that of the former.

Fig. 5. XPS VBM spectra from several GaN surfaces indicating the effect of chemical

treatments.

Fig. 6. Ers position plotted versus /o1s0-Ga)/IGa3d. The solid line is the fitted line based on
Egs. (3), (4) and fitting result in Fig. 7. [Data for untreated, treatment A and treatment C

samples are taken from our previous report??; licensed under a CC BY license.]

Fig. 7. Os plotted versus lo1s0-Ga/lGazd. The solid line is the fitted line (exponential

approximation).

Fig. 8. I-V characteristics of SBDs fabricated with (a) treatment A, (b) treatment B, (c)
treatment C, and (d) treatment E. [Data for Ag and Ni electrodes of treatment C sample are

taken from our previous report®?; licensed under a CC BY license.]

Fig. 9. I-V characteristics under forward bias voltage for SBDs with (a) treatment A and

(b) treatment C. Solid lines are fitted lines based on the TE model.

Fig. 10. (a) ¢—¢m plots derived from forward bias region for SBDs fabricated with several
chemical treatments. Solid lines are fitted lines. (b) Plot of n versus ¢m for SBDs fabricated
with several chemical treatments. [Data for treatment A and treatment C samples are

partially taken from our previous report??; licensed under a CC BY license]

Fig. 11. I-V characteristics under reverse bias voltage for SBDs with (a) treatment A and

12
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(b) treatment C. Solid lines are fitted lines based on the TFE model.

Fig. 12. ¢s—¢m plots derived from reverse bias region for SBDs fabricated with several

chemical treatments. Solid lines are fitted lines.

Fig. 13. Plots of (a) ¢ of all SBDs versus /01s(0-Ga)/lGa3d¢ measured by XPS and (b) S for
several chemical treatments versus /o1s0-Ga)/lGa3d. Solid marks are data derived from the

forward bias side, while open marks are those from the reverse bias side.

13
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Table I. Details of surface chemical treatments.

Designation Details

A photolithography with dipping in TMAH-based developer for 25 s

BHF treatment after treatment A

C HCI treatment after treatment A
D photolithography with dipping in TMAH-based developer for 1 min
E HCI treatment after treatment D

14
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