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We investigated the surface photovoltage (SPV) effect in n-GaN layers passivated with various

insulators, i.e., Al2O3, SiO2, and SiN for ultraviolet (UV) light detection. We revealed that SPV in

SiN/GaN shows markedly different behaviour than in oxide/GaN, i.e., the photo-signal exhibited

very fast response (1 s) and recovery (2 s) times, contrary to oxide/GaN, and it was thermally stable

up to 523 K. Furthermore, SPV spectra for SiN/GaN showed a sharp cut-off edge directly corre-

sponding to the GaN band gap. We explained these results in terms of the different band structure

of SiN/GaN and oxide/GaN junctions. All the observed properties of SPV response from SiN/GaN

indicate that this relatively simple system can be applied to sensitive high temperature visible-blind

UV detection. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960484]

Ultraviolet (UV) sensitive GaN and ZnO based photode-

tectors working in the visible (VIS)-blind spectrum range

have received significant attention in such fields like flame

and missile plume detecting, chemical and biological agent

sensing, and secured space-to-space communication and UV

astronomy.1 In addition, in many cases UV photodetectors

capable of operating at high temperatures (T) with high per-

formance are greatly required.2 The conventional UV photo-

detector devices are usually based on p-n and p-i-n junctions,

Schottky diodes, and metal-semiconductor-metal (MSM)

structures.3,4 As a standard, such devices exhibit a good perfor-

mance at room temperature (RT), i.e., fast response speed and

low noise level. However, significant increase of dark current

with T results in their limited practical applications at high T.

In order to avoid these drawbacks, metal-insulator-semicon-

ductor (MIS) structures were adopted.5,6 Nevertheless, the fab-

rication process of high-T MIS type UV photodetectors is

complicated and time-consuming,7 since it involves the deposi-

tion of high-quality thin dielectric films and lithography pro-

cess. Thus including such devices in the practical routes seems

to be difficult.

In this letter, we investigated the surface photovoltage

(SPV) effect in n-GaN layers passivated with various insula-

tors, i.e., Al2O3, SiO2, and SiN in the context of UV detec-

tion. We found that in the case of SiN/GaN, SPV behaviour

was significantly different and most advantageous for photo-

detecting applications compared to oxide/GaN structures.

For example, the SPV signal in SiN/GaN exhibited very fast

response/recovery times and high thermal stability up to

523 K. We explained these features in terms of a model, in

which the key role in SPV generation plays the band struc-

ture of the insulator/GaN junction. Furthermore, SPV spectra

from SiN/GaN exhibit a sharp cut-off edge which directly

corresponds to the GaN band gap. All these properties of

SPV in SiN/GaN indicate that this relatively simple system

can be applied to the sensitive high temperature VIS-blind

UV detection.

In order to detect UV radiation based on SPV measure-

ments, n-GaN layers were passivated with various insulators

(Al2O3, SiO2, SiN). The dielectric films were used to prevent

the reactive GaN surface from the interaction with species in

air ambient and uncontrolled formation of native oxides as

well as to avoid the photo-induced adsorption/desorption

effects under UV illumination.8 It should be noted that there

is no reports on the SPV effect in GaN covered with dielec-

tric films.

The schematic illustration of the examined GaN layers

and SPV measurement system is presented in Fig. 1. In our

studies we used GaN layers (thickness of 1 lm) obtained by

FIG. 1. Scheme of the examined GaN layers and the Kelvin probe system

for SPV measurement. An Au semitransparent grid probe capacitively cou-

pled with the sample vibrates due to the piezoelectric actuator in order to

induce an ac current in the external circuit. The CPD is measured as the

opposite of the dc voltage V (applied by the Kelvin probe controller) that

nulls the ac current (i¼ 0).
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molecular beam epitaxy growth on sapphire substrates and

intentionally undoped with a free electron concentration of

about 1016 cm�3. The GaN layers were passivated with the

dielectric films of: (i) Al2O3 (thickness of 63 nm) prepared

by atomic layer deposition (ALD), (ii) SiO2 (60 nm) depos-

ited by electron cyclotron resonance chemical vapor deposi-

tion (ECR CVD), and (iii) SiN (70 nm) also deposited by

ECR CVD. More details about the passivation process can

be found in Refs. 9 and 10. Additionally, the ohmic contact

was fabricated to ground the sample. The measurement of a

SPV signal was performed using a vibrating semitransparent

ring-shaped gold grid (diameter of 2 mm) Kelvin probe

(Besocke, type S) approached to the insulator film surface

(distance of about 1 mm) to obtain capacitance coupling with

the sample. The Kelvin probe method allows to measure

directly the contact potential difference (CPD) between the

sample and gold grid in the dark (VCPDdark
) and upon illumi-

nation (VCPDlight
). The measured SPV signal is the difference

between qVCPDlight
and qVCPDdark

,11 where q is the elementary

charge. The light source was a He-Cd laser with the wave-

length k¼ 325 nm (maximum power of 16 mW) and an illu-

minator (from the infrared to UV range) equipped with a

deuterium and halogen lamps. The SPV response was regis-

tered as a function of time (t) in a transient mode and in a

steady-state mode as a function of the light intensity (U) and

k at different T, in air ambient.

Fig. 2 presents the light-on and light-off SPV transients

for Al2O3/GaN, SiO2/GaN and SiN/GaN obtained under UV

illumination (He-Cd laser) with U¼ 1012 and 1017 photon/

(cm2 s) at 300 K, 423 K, and 523 K. One can note that the

transient behaviour of SPV in the case of Al2O3/GaN and

SiO2/GaN is very similar (Figs. 2(a) and 2(b)). After turn-on

the UV light, the SPV signal, at low U, raises slowly with t,

whereas at higher U, SPV increases more rapidly. After turn-

off the UV illumination, we observe a very slow SPV decay

in the case of low and high U. On the other hand, we notice a

markedly different SPV behaviour for SiN/GaN (Fig. 2(c)).

For example, for both U values SPV raises rapidly after UV

turn-on, requires short time to achieve the saturation and

decays very fast after UV switch-off. The response and

recovery times are around 1 s and 2 s, respectively. It should

be noted that the switching time was limited by the measure-

ment time determined by the Kelvin probe system. We also

noted that the SPV responses are well reproducible for both

low and high U (Fig. 2(d)). Furthermore, the saturated value

of SPV for SiN/GaN is thermally stable contrary to Al2O3/

GaN and SiO2/GaN, for which the saturated SPV strongly

decreased with increased T.

In general, different transient decay times of SPV, as

registered for oxide/GaN and SiN/GaN structures, should

result from various interface properties, including the dark

interface band bending (qVSdark
) and dynamical characteris-

tics of the interface states in terms of the carrier capture cross

section (r).11–13 The large qVSdark
is usually responsible for

high SPV signal and long decay time whereas large r is

responsible for short decay time.13 It should be noted that

the interface properties in photodetecting structures can be

properly modified by a suitable passivation for improving

photo-responses, as it was reported by Liu and Kim14 for

ZnO-based UV photodetectors.

In order to clarify the difference in SPV decays obtained

for the oxide/GaN and SiN/GaN structures, in terms of vari-

ous interface characteristics, we used the band diagram in

Fig. 3(a) illustrating an idea of the measurement of CPD and

SPV. One can find that the difference in qVSdark
between two

samples can be expressed as

q�VSdark
¼ q�VCPDdark

þ q�VIdark
; (1)

where q�VCPDdark
is the difference of CPD between the sam-

ples in the dark and q�VIdark
is the difference of the potential

drop across insulators in the dark (qVIdark
). Because we found

for the investigated Al2O3/GaN and SiN/GaN structures that:

(1) the measured q�VCPDdark
is only about 50 meV and (2)

q�VIdark
can be neglected (due to the similar values of the

dielectric constant9 for Al2O3 and SiN layers and their simi-

lar thicknesses) thus we can conclude, using Eq. (1), that

qVSdark
at Al2O3/GaN and SiN/GaN interfaces should be com-

parable. Therefore, the difference in SPV transients for these

structures should result mainly from various r. On the other

hand, our recent studies10 showed that r for SiN/III-N inter-

face is lower more than one order of magnitude than for

oxide/III-N interfaces. Therefore, the SPV decay time for

SiN/GaN should be longer than for the oxidized GaN inter-

face, which is in the evident contradiction with our observa-

tions. Thus, introducing an appropriate SPV mechanism to

explain our observation is necessary.

FIG. 2. Light-on and light-off SPV transients for SiO2/GaN (a), Al2O3/GaN

(b) and SiN/GaN (c) and cycles for SiN/GaN (d) obtained under UV illumi-

nation (He-Cd laser) with U ¼ 1012 and 1017 photon/(cm2 s) at 300 K,

423 K, and 523 K.
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The different transient decay time of SPV in oxide/GaN

and SiN/GaN can be explained in terms of the following

model, which is schematically illustrated in Fig. 3. Within

this model, the key role in SPV generation plays the band

structure, in particular the valence band offset (VBO)

between an insulator and GaN. According to most of the

reports, SiO2 and Al2O3 have the significant positive VBO

with respect to GaN, i.e., for SiO2 VBO is equal to 2 eV

(Ref. 15) and 3.2 eV (Ref. 16) and for Al2O3 lies between

0.7 eV and 3.4 eV,16–19 and only some authors indicate at

almost negligible VBO for Al2O3/GaN.20 On the other hand,

most of the reports referring to SiN/GaN claim that VBO is

slightly negative21,22 and only some works give positive

VBO of about 0.8 eV (Ref. 16) for this system. On this basis,

we assumed that the studied Al2O3/GaN and SiO2/GaN have

the positive VBO and SiN/GaN has a small negative VBO.

Upon UV illumination, the excess carriers are generated

in GaN and become quickly separated in the depletion layer,

i.e., electrons are repelled into the bulk whereas holes are

attracted towards the interface. In the case of Al2O3 and

SiO2, the excess holes are collected near the insulator/GaN

interface and subsequently captured by donor-like interface

states, as shown in Fig. 3(a). This causes partial compensa-

tion of the negative charge at the insulator/GaN interface and

reduction of the interface band bending from qVSdark
to

qVSlight
. As a consequence, the SPV signal, which corresponds

to the difference between qVSdark
and qVSlight

, is generated.

After switching off the light (Fig. 3(b)), the interface states

become slowly filled by electrons due to their thermionic

emission12 from the bulk over the barrier. As a result, the

interface band bending recovers and SPV signal slowly

decays. In the case of SiN, only a small part of the generated

photo-holes is captured by the interface states while the

remaining holes flow into the insulator layer, as shown in

Fig. 3(c). This causes the marked change in the potential

drop within the insulator layer from qVIdark
to qVIlight

and

rather slight variation in the interface band bending. As a

result, the induced SPV signal mainly corresponds to the dif-

ference between qVIdark
and qVIlight

. After turning off the light

(Fig. 3(d)), the excess holes quickly leave the insulator and

recombine with bulk electrons in GaN, which leads to the

potential recovery in the insulator and fast decay of SPV.

From Figs. 2(c) and 2(d) it follows that SiN/GaN seems

to be the best candidate for UV light detection. In order to

confirm this, we performed the measurement of a steady-

state SPV response as a function of k and U at 300 K and

523 K. The obtained SPV spectra, summarized in Fig. 4(a),

exhibit a sharp cut-off edge (kGaN), which directly corresponds

to the GaN band gap. One can also note that for k < kGaN

the SPV signal is rather stable whereas for k > kGaN totally

vanishes. On the other hand, the SPV (U) curves exhibit a

linear dependence up to U0¼ 1� 1011 photon/(cm2 s) as

shown in Fig. 4(b) and logarithmic one above U0, as in

Fig. 4(c). The similar two ranges of SPV were reported in

Refs. 11, 12, 23, and 24. In addition, the SPV response at

both T can be detected at very low U �5� 1010 photon/(cm2 s)

(�0.03 lW/cm2). All the observed properties of SPV

response from SiN/GaN indicate that this relatively simple

system can be applied to sensitive VIS-blind UV detection at

various radiation ranges and at very high T up to 523 K. In

order to achieve a simpler and convenient device construc-

tion, the vibrating Kelvin probe arrangement can be easily

substituted by a system with the constant capacitor (with a

UV-transparent conducting film deposited on an insulator

surface) and modulated light or by the introducing an alter-

nating current source in the electric circuit for the detection

of the null voltage condition to determine the CPD value.25

In conclusion, we studied the SPV effect in n-GaN

layers passivated with different insulators, i.e., Al2O3, SiO2,

and SiN. We revealed that SPV in SiN/GaN shows markedly

different behaviour than in oxide/GaN. For example, in the

case of SiN/GaN, the SPV signal exhibited very fast

FIG. 3. Energy band diagrams explaining the principle of SPV effect for the

insulator/GaN system with the positive (a) and (b) and small negative VBO

(c) and (d) using the Kelvin probe. EV AC indicates the vacuum level, EC, EV

is the conduction band minimum and the valence band maximum, respec-

tively, Um is the Kelvin probe work function and v is the electron affinity of

GaN. The black solid lines and red dashed lines illustrate the band diagrams

under dark and illumination, respectively. Process (1) denotes the electron-

hole pair generation, (2) electron and hole drift in the depletion layer, (3)

hole capture by the interface states, (4) and (5) thermionic emission of elec-

trons and their capture by interface states, respectively, (6) and (7) flow of

holes into the insulator and back after turn-off light, respectively.
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response/recovery times, contrary to oxide/GaN, and it was

thermally stable up to 523 K. We explained these results in

terms of the different band structure of SiN/GaN and oxide/

GaN junctions. Furthermore, we found that SPV spectra for

SiN/GaN showed a sharp cut-off edge directly corresponding

to the GaN band gap. All the observed properties of SPV

response of SiN/GaN indicate that this relatively simple sys-

tem can be applied to sensitive high-temperature VIS-blind

UV detection. Thus, our work can provide a route for

developing high-temperature and high-performance UV

photodetectors.
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