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Abstract

The Al0.11Ga0.89N-based photodiodes fabricated under different annealing ambient after inductively coupled plasma reactive ion

etching process were studied. The dark current and photocurrent with different illuminated wavelengths were characterized. Higher

photocurrent for the diode annealing in H2 ambient can be observed and attributed to the defect-assisted photocurrent. This

photocurrent shows a strong annealing ambient dependence and causes the shift of cutoff wavelength in the responsivity spectrum. The

surface state was characterized by the capacitance analysis with Schottky contact.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Gallium nitride (GaN) materials have been intensively
studied for the fabrication of the high-temperature and
high-power electronic device applications [1–4]. The device
fabrication has to utilize the inductively coupled plasma
reactive ion etching (ICP-RIE) method. However, the ion
bombardment can induce dislocations or formation of
dangling bonds on the surface effects and may cause
material and/or device damage after the ICP etching
process. Several groups have found that the studies of the
GaN defects induced by the ICP etching process [5–9]. The
optical and electrical properties of semiconductor can be
degraded due to ICP-induced defects, and these related
process defects are reduced by thermal treatment [10–12].

In this work, we have studied the Al0.11Ga0.89N-based
photodiode devices characteristics depending on different
annealing ambients. Moreover, in order to investigate the
ICP-induced defects after annealing in different ambients,
the Si-doped gallium nitride (GaN:Si) is also studied. The
interfacial states density is characterized and determined by
capacitance–frequency (C–f) measurements over a fre-
quency range (100Hz–1MHz) at room temperature. The
e front matter r 2007 Elsevier Ltd. All rights reserved.
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spectral responsivity for Al0.11Ga0.89N-based photodiode
devices after annealing in different ambients at 600 1C is
analyzed. From this, the surface-treated effects and the
ICP-induced defects are discussed. We have found that the
ICP-induced defects caused by the ICP etching process can
be partially eliminated by annealing process.
2. Experimental details

In this experiment, samples of GaN epitaxial layers were
grown on sapphire substrate by metal–organic chemical
vapor deposition (MOCVD). The epitaxial structure con-
sisted of a low-temperature GaN nucleation layer, 2 mm of
undoped GaN, 2 mm of n+-GaN:Si (2� 1018 cm�3), 50 nm
of n-GaN:Si (5� 1017 cm�3), 200 nm of undoped i-Al0.11
Ga0.89N, 100 nm of p-Al0.11Ga0.89N (2� 1017 cm�3) and
50 nm of p+-GaN (5� 1017 cm�3). Then, the samples were
etched to n+-GaN region by ICP etching process with
standard photolithography. After the ICP etching process,
some certain damages were incorporated in GaN. Fol-
lowed by annealing in N2 ambient at 600 1C for 30min
(‘‘N2-treated’’ sample) or in H2 (‘‘H2-treated’’ sample)
ambient at 600 1C for 30min. A sample without annealing
treatment (‘‘non-treated’’ sample) was used for compar-
ison. The above-mentioned samples were then chemically
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Fig. 1. Schematic of cross-section of Al0.11Ga0.89N-based photodiode

devices. After ICP etching process, ICP-induced defects and the effects of

thermal treatment in different ambients are observed in the deep sidewall

regions and n-GaN layer as shown in shadow regions of this figure.
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treated by an HCl:H2O (1:1) solution for 3min. The p-type
ohmic contacts of the Al0.11Ga0.89N-based photodiode
devices were processed by evaporation of Ni/Au (5 nm/
8 nm) with standard photolithography technology, fol-
lowed by annealing process at 550 1C in air in a fur-
nace. The specific contact resistance (rc) is around
1.2� 10�3O cm2. Evaporations of Cr/Al/Cr/Au (15 nm/
300 nm/15 nm/300 nm) were processed through the thermal
evaporation as n-type ohmic contacts and bonding pad,
and they were subsequently annealed at 600 1C for 20min
in N2 ambient. The current–voltage (I–V) measurements of
Al0.11Ga0.89N-based photodiode devices were characterized
by a Hewlett-Packard 4156 semiconductor analyzer. The
spectral responsivity of Al0.11Ga0.89N-based photodiode
devices was measured by using a Xenon arc lamp and a
monochrometor (SPX1000). All the optical systems were
calibrated by using a UV-enhanced silicon photodiode.

For comparison, 2 mm of undoped GaN epitaxial layer
was grown on sapphire by MOCVD with same low-
temperature GaN nucleation layer, and subsequently 2 mm
of Si-doped n-GaN was grown on the undoped GaN
epitaxial layer as described above. The n-type ohmic
contact was formed with the above described process.
Then, the mesa layer was etched by the ICP etching
process. The same annealing processes (N2-treated, H2-
treated and non-treated) were performed, then the Schott-
ky contacts were evaporated by the Ni/Au (100 nm/
300 nm). The capacitance was measured by Hewlett-
Packard 4284 analyzer at room temperature with series
resistance correction [13,14].

3. Results and discussion

Fig. 1 shows the schematic of cross-section of the
Al0.11Ga0.89N-based photodiode devices in this work. Since
the mesa layer was defined by ICP etching process, some
damage may be formed on the etched surface as shown in
the shadow region of Fig. 1.

Fig. 2 shows the current–voltage (I–V) characteristics of
the Al0.11Ga0.89N-based photodiode devices with different
annealing ambients. The illumination power is 0.13 mW
with a wavelength of 340 nm, and the photon energy is
higher than the band gap of the Al0.11Ga0.89N (3.6 eV). The
inset in Fig. 2 shows the three different dark currents of
the samples by using different annealing ambients. After
the annealing process, the dark currents are reduced
compared to the non-treated sample. The N2-treated
sample shows the lowest dark current in this work, and a
little higher dark current of H2-treated sample can also be
observed in the figure. After the ICP etching process, the
sample with annealing in N2 ambient can reduce defects
[15]. Under the illumination, the photocurrent of the non-
treated sample remains nearly constant and increases
rapidly as the reverse-bias is higher than 6V. After
annealing in N2 ambient, a small amount of photocurrent
can be observed and remains nearly constant even though
the reverse-bias is 10V. Fewer defects can be expected for
the Al0.11Ga0.89N-based photodiode devices after N2

annealing process. In case of H2-treated sample, a little
higher photocurrent can be observed and increases more
rapidly than the non-treated sample with reverse-bias
higher than 6V. The external quantum efficiency of the
H2-treated photodiode may increase more than two times
of magnitude as compared to that of the N2-treated
photodiode. Several reviews have reported the properties of
hydrogen in compound semiconductor. They have demon-
strated that hydrogen passivation of defects may help to
reduce the trapping or recombination centers and create
new hydrogen-related donors or acceptors in structures
[16–20]. Some electrons may be generated by these defects
under higher reverse-bias and cause the high photocurrent
[21]. To clarify these hydrogen-caused defect complexes
effects, illumination with photon of energy less than the
band gap was studied.
Fig. 3 shows the I–V characteristics under illumination

with a wavelength of 400 nm (0.4 mW). In dark and under
the illumination, the I–V curves of the non-treated and the
N2-treated samples are almost the same. Yet, the photo-
current of the H2-treated sample increases by a small
amount. This result indicates that these Al0.11Ga0.89
N-based photodiode devices may respond at a wavelength
of 400 nm (3.1 eV) with hydrogen-caused defect level in
higher reverse-bias.
Fig. 4 shows the spectral response of these samples under

reverse-bias 8V. The cutoff wavelength is around at a
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Fig. 2. Current–voltage (I–V) characteristics of Al0.11Ga0.89N-based photodiode devices after annealing in different ambients under illumination with a

wavelength of 340 nm (0.13 mW). A lower dark current could be observed and is also near a constant at various reverse-biases as shown in the inset of the

figure.
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Fig. 3. Current–voltage (I–V) characteristics of Al0.11Ga0.89N-based

photodiode devices after annealing in different ambients under illumina-

tion with a wavelength of 400 nm (0.4mW).
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Fig. 4. Spectral response of surface-treated samples after annealing in

different ambients under reverse-bias voltage 8V.
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wavelength of 340 nm as the absorption of Al0.11Ga0.89N
(3.6 eV). Under the illumination at a wavelength of
360 nm, the photon energy is less than the band gap.
The responsivity of the non-treated sample around
5� 10�3A/W can be observed. After annealing in N2

ambient, the reduction of responsivity and a clear cutoff
can be observed. The below band gap absorption may be
attributed to these defects. For the N2-treated sample, few
ICP-induced defects as discussed above can be achieved,
and a higher rejection ratio which is around three to four
orders of magnitude in the spectral response could be
observed. For the H2-treated sample, the responsivity
around 3� 10�4A/W can be observed even under illumi-
nation with a wavelength of 400 nm. Thus, more defect
levels can be expected for the H2-treated sample. Although
the defect level may cause recombination center and reduce
the photocurrent, the defect-assisted photocurrent may be
enhanced [21] and may increase the responsivity. These
defects may cause in the epitaxial procedure or the
followed process such as ICP etching and cause these
below gap response.
On the other hand, in order to quantitate the surface

defect complexes for these samples, n-GaN with same ICP
etching process was performed. The interface capacitance
for the Schottky contact with different frequency was
characterized. The interfacial states capacitance depending
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Fig. 5. Frequency dependence of the interfacial states capacitance of the

n-GaN Schottky contacts after annealing in different ambients.
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on the interfacial states density Nss with the relaxation time
t is given in [22–27] as

Cp ¼ qANss
arctanðotÞ

ot
, (1)

where q is the electron charge, A is the contact area and
o ¼ 2pf is the angular frequency.

Frequency dependence of the interfacial states capaci-
tance of the n-GaN samples after annealing in different
ambients for the Schottky contacts is shown in Fig. 5. The
interfacial states density of the non-treated sample may
reach higher than 5.4� 1012 eV�1 cm�2. However, the
interfacial states density reduces more than one order of
magnitude after annealing in both the N2 and H2 ambients,
for which its values are around 2.2� 1011 and 1.3�
1012 eV�1 cm�2, respectively. The N2 ambient shows a
better effect in removing these ICP-induced defects after
annealing at 600 1C. For the H2-treated sample, some
hydrogen-caused defects may be formed on the ICP-etched
surface, and may enhance the defect-assisted photocurrent
on the photodiode.

4. Conclusion

In conclusion, the Al0.11Ga0.89N-based photodiode
devices characteristics with different annealing ambients
are investigated. The N2-treated sample shows the lowest
dark current in this work, and a little higher dark current is
observed for the H2-treated sample. Under the illumina-
tion, the H2-treated sample shows the highest photocurrent
compared to the non-treated and N2-treated samples.
Worst rejection ratio in the responsivity can be observed
for the H2-treated sample and more defect levels can be
expected for it. Although the defect level may cause
recombination center and reduce the photocurrent, the
defect-assisted photocurrent may be enhanced and may
increase the responsivity [21]. This result could be
attributed to some electron–hole pairs generated by the
defects which may be in the structure and/or on the surface
under high reverse-bias. On the other hand, the Schottky
contact characteristics with different annealing ambients
have also been studied to quantitate the defects density on
the surface after the ICP etching process. The interfacial
states density of the non-treated sample may reach higher
than 5.4� 1012 eV�1 cm�2. However, the interfacial states
density reduces more than one order of magnitude after
annealing in both the N2 and H2 ambients, for which its
values are around 2.2� 1011 and 1.3� 1012 eV�1 cm�2,
respectively. The N2 ambient shows a better effect in
removing these ICP-induced defects after annealing at
600 1C.
References

[1] T. Egawa, H. Ishkawa, T. Jimbo, M. Umeno, Recessed gate AlGaN/

GaN modulation-doped field-effect transistors on sapphire, Appl.

Phys. Lett. 76 (2000) 121–123.

[2] M.A. Khan, A. Bhattarai, J.N. Kuznia, D.T. Olson, High electron

mobility transistor based on a GaN-AlxGa1–xN heterojunction, Appl.

Phys. Lett. 63 (1993) 1214–1215.

[3] M.A. Khan, J.N. Kuznia, D.T. Olson, M. Blasingame,

A.R. Bhattarai, Schottky barrier photodetector based on Mg-doped

p-type GaN films, Appl. Phys. Lett. 63 (1993) 2455–2456.

[4] S. Nakamura, M. Senoh, S.I. Nagahama, N. Iwasa, T. Yamada,

T. Matsushita, Y. Sugimoto, H. Kiyoku, Room-temperature

continuous-wave operation of InGaN multi-quantum-well-structure

laser diodes with a long lifetime, Appl. Phys. Lett. 70 (1996) 868–870.

[5] H.S. Kim, G.-Y. Yeom, J.W. Lee, T.I. Kim, A study of GaN etch

mechanisms using inductively coupled Cl2/Ar plasmas, Thin Solid

Films 341 (1999) 180–183.

[6] Y.B. Hahn, Y.H. Im, J.S. Park, K.S. Nahm, Y.S. Lee, Effect of dry

etching conditions on surface morphology and optical properties of

GaN films in chlorine-based inductively coupled plasmas, J. Vac. Sci.

Technol. A 19 (2001) 1277–1281.

[7] R. Cheung, R.J. Reeves, S.A. Brown, E. van der Drift, M. Kamp,

Effects of dry processing on the optical properties of GaN, J. Appl.

Phys. 88 (2000) 7110–7114.

[8] F.A. Khan, L. Zhou, V. Kumar, I. Adesida, Plasma-induced damage

study for n-GaN using inductively coupled plasma reactive ion

etching, J. Vac. Sci. Technol. B 19 (2001) 2926–2929.

[9] R. Cheung, R.J. Reeves, B. Rong, S.A. Brown, E.J.M. Fakkeldij,

E. van der Drift, M. Kamp, High resolution reactive ion etching of

GaN and etch-induced effects, J. Vac. Sci. Technol. B 17 (1999)

2759–2763.

[10] X.A. Cao, A.P. Zhang, G.T. Dang, H. Cho, F. Ren, S.J. Pearton,

R.J. Shul, L. Zhang, R. Hickman, J.M. Vand Hove, Inductively

coupled plasma damge in GaN Schottky diodes, J. Vac. Sci. Technol.

B 17 (1999) 1540–1544.

[11] R.J. Shul, L. Zhang, A.G. Baca, C.G. Willison, J. Han, S.J. Pearton,

F. Ren, Inductively coupled plasma-induced etch damage of GaN

p–n junctions, J. Vac. Sci. Technol. A 18 (2000) 1139–1143.

[12] M. Nakaji, T. Egawa, H. Ishikawa, S. Arulkumaran, T. Jimbo,

Characteristics of BCl3 plasma-etched GaN Schottky diodes, Jpn.

J. Appl. Phys. 41 (2002) L493–L495.

[13] S. Anand, S. Subramanian, B.M. Arora, Use of low-frequency

capacitance in deep level transient spectroscopy measurements

to reduce series resistance effects, J. Appl. Phys. 72 (1992)

3535–3538.

[14] M. Schmeits, N.D. Nguyen, M. Germain, Competition between deep

impurity and dopant behavior of Mg in GaN Schottky diodes,

J. Appl. Phys. 89 (2001) 1890–1897.



ARTICLE IN PRESS
W.-H. Lan et al. / Journal of Physics and Chemistry of Solids 69 (2008) 719–723 723
[15] C.G. Van de Walle, Interactions of hydrogen with native defects in

GaN, Phys. Rev. B 56 (1997) R10020–R10023.

[16] J. Lagowski, M. Kaminska, J.M. Parsey Jr., H.C. Gatos,

M. Lichtensteiger, Passivation of the dominant deep level (EL2) in

GaAs by hydrogen, Appl. Phys. Lett. 41 (1982) 1078–1080.

[17] S.J. Pearton, Hydrogen passivation of a bulk donor defect (Ec-

0.36 eV) in GaAs, J. Appl. Phys. 53 (1982) 4509–4511.

[18] M.S. Brandt, N.M. Johnson, R.J. Molnar, R. Singh,

T.D. Moustakas, Hydrogenation of p-type gallium nitride, Appl.

Phys. Lett. 64 (1994) 2264–2266.

[19] T.W. Kang, S.H. Park, H.D. Cho, M.Y. Kwak, G.S. Eom, T.W.

Kim, Hydrogenation and annealing effects on GaN epilayers grown

on sapphire substrates, Jpn. J. Appl. Phys. 37 (1998) 4417–4418.

[20] A. Hierro, S.A. Ringel, Hydrogen passivation of deep levels in

n-GaN, Appl. Phys. Lett. 77 (2000) 1499–1501.

[21] J.C. Carrano, T. Li, P.A. Grudowaski, C.J. Eiting, R.D. Dupuis,

J.C. Campbell, Comprehensive characterization of metal–semicon-

ductor–metal ultraviolet photodetectors fabricated on singe-crystal

GaN, J. Appl. Phys. 83 (1998) 6148–6160.
[22] S. Kar, W.E. Dahlke, Interface states in MOS structures with

20–40 Å thick SiO2 films on nondegenerate Si, Solid-State Electron.

15 (1972) 221–237.

[23] A. Deneuville, Characterization of the interface states at a Ag/Si

interface from capacitance measurements, J. Appl. Phys. 45 (1974)

3079–3084.

[24] A. Singh, Characterization of interface states at Ni/nCdF2 Schottky

barrier type diodes and the effect of CdF2 surface preparation, Solid-

State Electron. 28 (1985) 223–232.

[25] A. Singh, P. Cova, R.A. Masut, Energy density distribution of

interface states in Au Schottky contacts to epitaxial In0.21Ga0.79As:Zn

layers grown on GaAs by metalorganic vapor phase epitaxy, J. Appl.

Phys. 74 (1993) 6714–6919.

[26] H.-H. Tseng, C.-Y. Wu, A simple technique for measuring

the interface-state density of the Schottky barrier diodes using

the current–voltage characteristics, J. Appl. Phys. 61 (1987) 299–304.

[27] Z. Chen, D.-G. Park, F. Stengal, S.N. Mohammad, H. Morkoc,

Metal–insulator–semiconductor structures on p-type GaAs with low

interface state density, Appl. Phys. Lett. 69 (1996) 230–232.


	Annealing of defect states in reactive ion etched GaN
	Introduction
	Experimental details
	Results and discussion
	Conclusion
	References


