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GaN/AlGaN photodetector that exhibits new interesting property is
presented. Its spectral sensitivity depends upon bias voltage. Under positive
or low negative bias the detector is sensitive mainly to the ultrafiolet radi-
ation absorbed by AlGaN layer 3.7-3.8 eV. Under negative bias Up below
-4 V, the detector is sensitive mainly to the radiation absorbed by GalN
(3.4-3.6 €V). The effect can be explained based on numerical calculations of
the electric field and potential profiles of this structure. The damping of GaN
signal is attributed to activity of 2D electron gas formed on the GaN/AlGaN
interface by spontaneous polarization. The reappearing of the signal is at-
tributed to tunneling of holes through AlGaN, stimulated by a high electric
field.

PACS numbers: 73.40.Kp, 73.50.Pz, 78.40.Fy

1. Introduction

Considering current advances in nitride technology, AlGaN/GaN structure
is the most promising material for photodetection in the ultraviolet (UV) region of
the spectrum, suitable to develop efficient visible-blind [1] and solar-blind sensors
[2]. Taking into account its superior radiation hardness and high temperature
resistance, this material is suitable for devices working in extreme conditions.
Applications range from space communications to ozone layer monitoring or flame
detection.

Up to now, many promising AlGaN/GaN detector structures have been stud-
ied [2-5]. The results show that AlGaN/GaN, p—i—n heterodiodes show consid-
erable promise as solar-blind photodetectors [2]. On the other hand, the Schottky
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barrier detectors based on Alg 20Gag 25N having a visible rejection of 3 to 4 or-
ders of magnitude proved to be very fast. A minimum decay time as short as
15 ns was reported for these diodes [4]. Furthermore, it has been found [5] that
high charge density, two-dimensional (2D) electron gas can be realized even with-
out any doping, caused by the strong piezoelectric and spontaneous polarization
effects natural to the hexagonal group-III nitrides [6]. Interesting effects can be
obtained by introducing ultrathin AIN interlayer producing 2D electron gas inside
GaN [T7].

Here we present a detector structure consisting of two active layers: undoped
Al;Gaj_,N and undoped GaN, both partially strained. This structure contains 2D
electron gas at the GaN/AlGaN interface that can be controlled by external bias.
The increase or decrease in electron concentration leads to changes in minority
carriers lifetime and distribution of the electric field. In this way, 1t is possible to
control spectral sensitivity of the detector. This property can be used, in detectors
that can simultaneously measure UV A and UV B radiation and distinguish them.

2. Experiment

The structure was grown by metalorganic chemical vapor deposition
(MOCVD) on the sapphire substrate. Two active layers of undoped Al;Ga;_;N
(x = 0.11 and 0.17, d = 60 and 70 nm) and undoped GaN (d = 140 nm), both
nearly relaxed were grown on a thick conductive GalN:Si layer. The nominal donor
concentration of the GaN:Si layer was Np = 2.0 x 10'® ecm~3. A very thin GaN cap
layer was grown on top to protect AlGaN layer. Semitransparent, gold, Schottky
contacts were evaporated on the surface. The ohmic contacts were alloyed to make
connection to the GaN:Si layer (see Fig. 1).
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Fig. 1. Photoluminescence (dotted line) and photocurrent at Ug = —4 V (solid line)

spectra of the Alg 11 Gag.s9 N/GaN photodetector (structure scheme in the inset) at room

temperature.
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The samples showed photoluminescence, visible even at room temperature
(see Fig. 2). The photocurrent (PC) spectra were measured in temperature range
from 8 to 300 K, under different bias voltages. Illumination intensity was

0.1-1 pW/em?2.
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Fig. 2. Bias-dependent spectra of the AlGaN/GaN photodetector. Signal with maxi-
mum at 3.73 eV is due to AlGaN, the maximum at 3.42 eV is due to GaN.

It was observed that the PC spectrum depended upon bias voltage (Up).
Under positive or low negative bias the detector was sensitive mainly to UV ra-
diation absorbed by AlGaN layer (see Fig. 2). The signal from Al,Ga;_;N de-
pended upon Al content. For example, its maxima were at 3.73 eV and 3.84 eV for
z = 0.11 and 0.17, respectively. At Ug = 0V, the sensitivity for radiation below the
AlGaN threshold was at least two orders of magnitude lower than the sensitivity at
the maximum. Application of negative voltage led to an increase in the sensitivity
of GaN. At room temperature the signal from GaN started at about 3.4 eV and
reached maximum at the energy of 3.42 eV. At about —4 V the signals form GaN
and AlGaN had similar amplitudes. Spectra measured at Up = —5 V and below
were dominated by photocurrent related to the excitation of GaN. The effect was
fully reversible, after return to zero bias the sensitivity in the GaN spectral range
decreased.

The dramatic change of the GaN-related sensitivity in the range 3.4-3.6 eV
can be described by the ratio of PC at Up = —5 V to PC at 0 V, which was equal
to about 2500 (at 3.4 eV). A slight increase in PC at 3.7 eV can be explained by
the increase in the signal from GalN, which was also sensitive for photons of 3.7 eV
energy. The effect had a weak thermal dependence. The decrease in temperature
caused a parallel decrease in sensitivity of GaN and AlGaN layers. The maxima
of sensitivity moved to higher energies in agreement with the expected increase in
the band gap.

Electroreflectance bias-wavelength (ERBW) mapping technique [8] was used
to analyze electric field in the structure. A Schottky diode biased with a sum of
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DC voltage (U) and AC modulation signal (U coswt) was illuminated with a
monochromatic light of wavelength A. Reflected light was measured with a volt-
meter and lock-in analyzer simultaneously. The signals measured for various biases
and wavelengths formed the electroreflectance (ER) maps. In wavelength domain,
clear Franz—Keldysh oscillations (FKOs) were observed.

The FKOs can be described using asymptotic expansions for Airy func-
tions [9]:

ﬁ o 1 ex _2(E — Eg)l/zp] oS |:é (E — Eg)3/2 + (1)
R “EAE—Eg " (h$2)3/? 3 (h2p2 7]
where Fg is an energy gap, ¢ — a phase factor, I" — a broadening parame-

ter, and h{2 is an electro-optical energy, connected with reduced effective mass
of electron-hole pair (y) and an electric field (F) by the expression (hf2)? =
(ehF)?/2pu). Due to a periodic dependence of the AR/R signal as a function of
(E — Eg)3/? it is possible to calculate the electric field using the Fourier transform
(FT) analysis.

Based on the ERBW technique, a high electric field of the order of 500 kV/cm
was found in the AlGaN layer. The field was obviously caused by spontaneous
polarization of the GaN/AlGaN interface [7]. The electric field in the GaN layer
was very low (below 20 kV/cm) at positive or low negative biases. The field in the
GaN layer reached measurable values at bias below -2 V. At Up = —4 V, it was
about 100 kV/cm.

3. Numerical calculations

The experimental results can be compared with theoretical expectations
based on the simple numerical model. Electrical charge is a source of electrical field
that changes the potential along the structure. On the other hand, concentration
of the charged particles depends upon potential, so the charge, field, and potential
distributions (n(z), p(z), E(z), and V(z)) must be calculated simultaneously by a
self-consistent procedure [10, 11]. Since the sample is under illumination, the Fermi
level is not constant along the sample, so the Fermi—Dirac distribution cannot be
used directly to determine the carrier concentration. Instead, it is determined by
solving electrical transport equations involving drift in an electric field, diffusion,
generation by light, and recombination.

The electric field F(z) is generated by the bias U applied to the sample, by
electrical charges p(z) (electrons n, holes p, ionized donors nf; and acceptors ny ).
Since, the III-V nitrides possess a large spontaneous and piezoelectric polarization
[7]. Therefore, it is necessary to include also the polarization on the GaN/AlGaN
Interface Pr:

B(x ) = % + % {PI I /OZ[—n(z') F () + n () — n;(z/)]dz/} @

where d 1s the effective thickness of the structure.
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The results of the numerical calculations are presented in Fig. 3. It has
been found that the Schottky barrier and polarization at GaN/AlGaN interface
P cause a strong electric field present in AlGaN layer, in agreement with the
electroreflectance measurements (reported in the previous section). Since layers
are nearly relaxed, the P is mainly the spontaneous polarization. At low bias,
any electric field in GaN is screened by the high electron concentration at the
AlGaN/GaN interface. In fact, electrons attracted by the electric field form a 2D

gas at the interface.
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Fig. 3. The structure of the sample with calculated potential (A) and concentration
(B, C) distribution.
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Fig. 4. Quantum yield of AlGaN/GaN structure in different conditions. Solid lines —
real sample, dashed line — hypothetical sample with valence band offset set to 0, dotted
line — hypothetical sample with polarization on interface set to 0. Light of hv = 3.6 eV
excites carriers only in GaN (lower solid line). Light of hy = 4.0 €V excites the both
layers (higher solid line).

This model allows calculating quantum yield of the structure in different
conditions. In the case of high-energy light that excites carriers in both layers
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(GaN and AlGaN), it has been found (see Fig. 4) that the yield practically does
not depend upon voltage (under negative bias). In the case of photons that excite
carriers only in GaN, the quantum yield strongly depends upon voltage. It changes
nearly three orders of magnitude between Ug = 0 V and —2 V. This result is in
good agreement with experimental data (see Fig. 2).

In order to check what causes the effect, two hypothetical structures have
been analyzed: one with valence band offset VByg set to 0 and the other, with
polarization on interface Pp set to 0. It has been found (see Fig. 4) that without the
polarization, the yield is not sensitive to bias. However, without band offset, the
effect 1s also much weaker. Therefore, both factors, the offset and the polarization
are important for bias-dependent spectrum effect. More precise analysis shows that
transport of photoexcited holes is crucial to this effect. Photoexcited electrons
can flow even at a low electric field. However, holes are stopped at AlGaN/GaN
barrier. The accumulated holes cause a fast electron recombination which reduces
photocurrent related to the GaN (3.4-3.6 eV). At a high electric field the barrier
becomes triangular and holes can tunnel through it, so the sample 1s sensitive also
to the 3.4-3.6 €V radiation (see experimental results in Fig. 2).

4. Conclusions

It has been shown that PC spectrum of a GaN/AlGaN photodetector can
depend upon bias voltage (Up). Under positive or low negative bias the detector
was sensitive mainly to UV radiation absorbed by the AlGaN layer. Application of
negative voltage led to the increase in sensitivity connected with photoexcitation
of GaN.

The electroreflectance-bias wavelength mapping allowed determination of
the electric field in the AlGaN and GaN layers. The field depended on the bias
and the polarization on the GaN/AlGaN interface.

Numerical calculations of charge transport show that a barrier formed by
valence band offset and the polarization on the interface are crucial for the bias-
-dependent spectrum effect.
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