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Abstract—The authors report on the current–voltage ( – )
characteristic under forward biases obtained in low leakage,
small size p-(In,Ga)N–GaN-n multiquantum well diodes. Under
barrier illumination, the devices present a high optical response
with capabilities to detect optical powers in the pW range without
further amplification. This response is attributed to the screening
of the internal electric fields. Recombination times of a few seconds are found to be associated to this mechanism. Moreover, a
step-like feature is found in the – characteristic before the
diode turn-on voltage. Our model proposes tunneling current
through the multiquantum-well structure as responsible of this
feature. Fast modulation of the tunneling effect under barrier
illumination is used to evaluate the detection of low photon fluxes.
Index Terms—Photocurrent gain, single photon detection, ultraviolet detectors, III-nitride.

I. INTRODUCTION

F

ROM the first investigations in III-nitride semiconductors,
the high responsivities observed in GaN photoconductors
and the associated gain mechanisms attracted the attention of
many groups [1]–[3]. Other structures and photocurrent gain
mechanisms have been also studied in order to satisfy the need
of high sensitivity ultraviolet (UV) detectors for visible- and
solar-blind applications. Examples of this research are: carrier
multiplication in avalanche photodiodes [4], [5], minority carrier trapping in Schottky barrier photodiodes [6], and more recently, piezoelectric field engineering in multiple-quantum-well
(MQW) detectors [7]. However, only avalanche multiplication
10 to show single
has demonstrated high enough gain
photon detection capabilities [8], [9].
A wide variety of (Al,Ga)N detector structures have been extensively studied for visible- and solar-blind applications. For
detection in the visible and UV-A, (In,Ga)N–GaN MQW structures have demonstrated reliable performances and internal gain
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mechanisms as active regions of p-n and Schottky barrier photodiodes [7], [10], [11]. The polarization fields in InGaN–GaN
multiple-quantum-well structures introduce additional variables
in the carrier recombination dynamics. Charge separation and
long recombination times are more likely in the sawtooth potentials created by the piezoelectric effect. High electric fields in the
wells and barriers also modify the absorption spectra through
the quantum confined Stark and Franz-Keldysh effects, respectively. Although material defects such as Indium nonuniformities across the well and threading dislocations complicate the
analysis, clear features of the presence of strong electric fields
have been observed in multiple studies [12]–[14].
In this work, we investigate an unexpected photocurrent component observed in p-(In,Ga)N–GaN-n MQW diodes under forward biases just before the turn-on voltage. Spectral characteristics, linearity, and time response are shown and discussed. These
results are interpreted taking into account the absorption in high
electric fields, potential distribution and carrier transport. Its application for single photon detection is also discussed.

II. SAMPLE GROWTH AND DEVICE FABRICATION
The p-InGaN–GaN MQW-n structures were grown on a lateral epitaxial overgrowth (LEO) GaN template by metal organic chemical vapor phase deposition. Details of the LEO technique can be found elsewhere [15]. The n-layer consisted of a
1- m-thick GaN:Si layer. The undoped active layer comprised
three InGaN–GaN (3 nm/7 nm) quantum wells, and was capped
with a 550-nm-thick GaN:Mg layer. The In content in the wells
was about 17%. A reference p-i-n sample was also grown for
the study. It had an intrinsic region thickness equal to the total
length of the active region (30 nm) in the p-MQW-n structure,
and was used to compare electro-optical properties, as described
in Section VI.
Activation of the p-type GaN was achieved by rapid thermal
annealing (RTA) at 1000 C for 30 s. From Hall effect measurements in reference samples, electron and hole concentrations
cm and
cm in the
were determined to be
n- and p-type layers, respectively.
After surface treatment with HCl:H 0 (1:1), Ni–Au 30Å/30Å
is deposited as semitransparent contact and is annealed to
achieve ohmic contact to p-type material. Mesas were defined
by ECR-RIE with SiCl and Ar plasmas. Ti–Au (400Å/1200Å)
is deposited as the thick contact metal for both n- and p-type
GaN. Device sizes ranged from 0.005 to 0.07 mm .
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Fig. 1. Current–voltage characteristic measured in darkness (solid line) and
under back-illumination (dashed line) with an optical power of 11 nW at 370 nm
for a device area of 0.023 mm . Inset: Abnormal photocurrent signal under forward bias.
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Fig. 2. Effective photocurrent gain obtained under illumination at 370 nm in
devices with 0.068 (solid line) and 0.013 mm (dashed line) areas. Inset: Photocurrent to dark current ratio under back- (solid line) and front-illumination
(dashed line). The two bands obtained were labeled as R1 and R2.

III. ELECTROOPTICAL CHARACTERISTICS
Current–voltage ( – ) characteristics were measured in
p-InGaN–GaN MQW-n diodes using an HP4155A Semiconductor Parameter Analyzer under back-illumination. A Xe lamp
and a monochromator were used with a UV fiber-optic cable
to couple the light, and allow back-illumination of the device.
The input slit of the monochromator was adjusted to vary the
photon flux, which was calibrated using a National Institute of
Standards and Technology traceable UV-enhanced Si detector.
As shown in Fig. 1, devices presented two ranges of operation for light detection; one at reverse and low forward voltages,
and other between 2.5 and 4.5 V forward bias. The photocurrent
signal obtained in the first operation range is the result of the absorption in the active region, and increases slightly with reverse
bias. This increase is attributed to a reduction of the carrier escape time from the well, which improves the external quantum
efficiency [16].
The inset of Fig. 1 magnifies the second operation range in
which an unexpected photocurrent signal is observed just before the turn-on voltage, as well as an unidentified step-like feature, near 4 V. This characteristic was observed in almost all
of the diodes characterized, but they were most evident in the
smallest area devices, i.e., those devices with less leakage current. Although the samples under study were grown on an LEO
substrate to minimize leakage, we can rule out any effect of the
LEO pattern, since the same behavior had been observed in devices on non-LEO substrates. In fact, a similar step-like feature
has been observed before in InGaN–GaN Schottky photodiodes
under high power excitation at similar voltages, as reported in
[17].
From these measurements, an effective photoelectric gain value was calculated by using
, where
and
represent the current under 370 nm and no illumination,
is the operation voltage. Fig. 2 shows
respectively, and
the gain characteristic for two different size devices. Peak
gain values in the 10 range were obtained; a high value
obtainable in the past only by avalanche photodiodes. The

Fig. 3. Spectral response of the p-MQW-n diodes measured at (a) 0V and at
(b) 3.7 V. The onset of the quantum well absorption is indicated. The incident
optical power is less than 1 nW across the whole range.

gain was slightly higher for smaller area devices. The inset
of Fig. 2 shows the photocurrent signal relative to the dark
current, which reveals two prominent humps under back- or
front-illumination with maximums at about 3 V (R1) and
3.8 V (R2), the latter corresponding to the onset voltage of
the step-like feature. The origin of these two humps will be
discussed later.
The spectral response of the devices under back-illumination
was measured at zero bias, in the absence of any gain mechanism, and at 3.7 V (Fig. 3). Under this illumination scheme,
nm
the GaN substrate helps to filter out the light with
with a very high rejection ratio [18], making these detectors well
suited to use in detection of intrinsic fluorescence of biological
agents in combination with deep-UV light emitting diodes. At
zero bias, the long wavelength response onset situates around
440 nm [Fig. 3(a)], in good agreement with the absorption onset
in the quantum wells. However, under forward biases, the spectral characteristic of the response differs significantly, as shown
in Fig. 3(b). The device is only sensitive to a very narrow band
from 364 nm (GaN bandgap) to 372 nm.
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Fig. 4. Power-dependent measurements obtained from a 0.005 mm area diode
R 1 P , for which
at 3 V. The dashed line is the linear fitting using I
I is the photocurrent defined as the total current minus the dark current, P
is the optical power, and R is the responsivity that acts as fitting parameter.
Inset: Experimental setup.

=

Fig. 6. Conduction band (CB) diagram at 0, 1.5, and 3 V calculated from (1).
Inset: Electric fields calculated from the experimental and theoretical values for
the piezoelectric constants given in [12] and [22], respectively.

IV. BAND DIAGRAM

Fig. 5. Time response of a 0.068-mm diode obtained during illumination at
370 nm at 3 V (R1) and 3.8 V (R2). The dark current level at t=0 s was subtracted
for clarity. The arrows indicate the turn-off. The incident optical power was
about 5 nW.

In order to study the linearity of this response, a 0.005 mm
device was biased at 3 V, i.e., the voltage that maximized the
R1 band, in series with a 330 load resistor (inset, Fig. 4).
The current was measured via the voltage drop in the resistor
using an oscilloscope. The device was illuminated with optical
powers less than 1 nW. As observed in Fig. 4, photocurrent
scales linearly with optical power, with a peak responsivity of
about 4000 A/W. The minimum illumination detected without
any further amplification or lock-in technique was 8 pW. The
minimum detectable illumination increased slightly with device
area; thus, 15 pW were needed to produce a significant change
over the dark current level in 0.023 mm devices.
The temporal response of the device at 3 V (R1) and at 3.8 V
(R2) was measured (Fig. 5). The response at 3.8 V presented a
faster rise time than at 3 V. However, whereas the sample biased at 3 V recovers its baseline dark current after illumination
within tens of seconds, at 3.8 V, the current decreases following
a nonexponential characteristic, eventually plateauing at an elevated current. The current difference between these two levels
corresponds to the amplitude of the step-like feature observed
in the – characteristic, and it can be attributed to an optically
induced transition between two states of the device. This result
evidences two different physical origins for the R1 and R2 gain
bands.

In order to find out the origin of the spectral response characteristic under forward bias, we investigated the band structure.
The resolution of the Poisson equation allows us to determine
in the active region [19]. As a
the potential distribution
first approximation, we assumed that all the quantum wells are
inside the depletion region, and that any unintentional doping
there is much lower than the doping of the p-and n-type layers.
was calcuThe piezoelectric field in the growth direction
, where
is the polarization as defined
lated from
is the dielectric permittivity of GaN. From the
in [20], and
linear interpolation between GaN and InN, a 12% difference between the permittivities of GaN and In Ga N is estimated.
However, this has minimal effect compared to the polarization,
and this difference is neglected in the analysis. Then, the analytical solution of the Poisson equation can be expressed as

(1)
is the acceptor concentration,
where is the electron charge,
is the donor concentration,
and
are the boundaries of
the space charge region in the p- and n-sides, respectively,
is the barrier length,
is the well width,
is the total length
of the active region, is the total length of the quantum wells
, where
is
for a distance lower than , and
is the applied voltage. The
and
the built-in voltage and
distances can be calculated from

(2)
taking into account charge neutrality. The potential calculated
in this way allows us to obtain the band structure analytically,
after adding the band-offsets at the InGaN-GaN interfaces [21].
The results for the conduction band diagram are shown in Fig. 6
at different forward biases.
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Fig. 7. Charge accumulation at the edges of the MQW region predicted by [25]
under high injection conditions. The band diagram was calculated as the sum
of (1) and the potential of the dipole when the accumulated charge is 5 10
cm in the first (electrons) and last (holes) wells.

2

From the derivative of the potential, we can obtain the electric
field distribution. The experimental values of the polarization
in InGaN–GaN QWs found in the literature are slightly lower
than the theoretical ones; in the inset of Fig. 6, we compare
the electric field strength provided by the experimental [12] and
theoretical [22] piezoelectric constants, interpolating linearly to
determine the InGaN constants in both cases. Using the theoretical values, electric field strengths of 1.4 MV/cm and 0.96
MV/cm are predicted in the barriers at 0 and 3.0 V, respectively.
On the other hand, experimental values yielded electric fields
of 1.2 MV/cm and 0.83 MV/cm at the same voltages. However,
our analysis neglects the screening effect induced by the current flow and a self-consistent Poisson-Schrodinger calculation
with time dependency would be needed to account for this. At 0
V, there is no screening effect induced by current injection, and
the calculated electric field should be reliable. In fact, similar
electric fields have been calculated in the literature [23]–[25].
Contrarily, the screening effects at forward bias voltages cannot
be completely neglected. Actually, a situation of negative average electric field (NAE) has been predicted in [25] at forward
biases just below the flat-band condition, leading to consequent
electron and hole accumulation at the edges of the quantum well
region. This charge distribution is depicted in Fig. 7, in which
we have superimposed the potential created by a hypothetical
dipole caused by the accumulation of electrons and holes in the
first and last wells, respectively. We believe that this is likely
to be the case in our devices at 3 V. The flat-band condition
will be reached at slightly higher voltages, when the charge
accumulated at the edges begins to re-distribute uniformly in
the three wells: this process may occur by thermionic emission
or tunneling. This redistribution gives rise to the step-like feature found in the I–V characteristics. The observation of a similar feature in InGaN–GaN MQW Schottky barrier photodiodes
with NAE seems to support this hypothesis [7], [17].
V. BARRIER ELECTRIC FIELD
From the previous discussion, it is expected that the strong
electric fields in the barriers play an important role in the absorption close to the GaN band-edge [26].
measurements under back-illumination of
Photocurrent
the p-MQW-n diodes provided the spectra shown in Fig. 8 as a
function of bias. The strong increase of the photocurrent from

Fig. 8. Photocurrent measurements obtained in the p-MQW-n diodes at different forward biases ranging from 0 to 3.7 V (0, 0.25, 0.50, 0.75, 1, and 3.7 V).
The dotted-dashed line represents the fitting to the photocurrent curve at 0 V
using (3). The dashed line represents the fitting at 3.7 V. The electric field values
obtained in each case are included.

378 to 370 nm suggests that the barrier absorption dominates
the response in this spectral range. As the bias is increased, a
shift and narrowing of the longer wavelength cut-off occurs in
that region.
In order to estimate the total electric field strength (polarization and built-in), the data were fitted using the absorption coefficient dependence on the electric field, and taking into acapproximation is reasonably valid when
count that the
being the thickness of the intrinsic region. Therefore, in the Wentzel–Kramers–Brillouin approximation [27], the
photocurrent can be fitted using
(3)
where
is the energy gap,
is the photon energy,
is the
reduced effective mass, and is the electric field. It is important to notice that this approximation is only valid for systems
without quantum confinement, so it only accounts for the barrier absorption but not for the quantum well absorption. From
(3), we can obtain the electric field strength in the barrier of the
p-MQW-n diodes. Fig. 8 depicts the result of this fitting at 0 and
3.7 V. The average electric field, obtained after fitting three different diodes, is 1.3 0.2 MV/cm at 0 V and 0.12 0.05 MV/cm
at 3.7 V. The first value is in fairly good agreement with the calculated values provided by (1). The blue-shift and narrowing of
the cut-off also agrees with the decreasing value of the electric
field in the barriers predicted by our analysis.
The electric field value at 3.7 V is significantly lower than the
calculated value. The reason is that, as previously mentioned,
our analysis cannot account for screening effects due to carrier
injection under forward biases. Photocurrent provides an excellent way to get the electric field experimentally under those
conditions. The quantum well absorption and subsequent photocurrent might lead us to overestimate the electric field slightly
at low forward biases. However, its effect seems negligible at
3.7 V, at which point the cut-off becomes very sharp and no
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Fig. 9. Scheme of the electron–hole pair generation in the barriers and relaxrepresents the created dipole, and  and
ation to the adjacent wells. E
the recombination and escape times from the wells for electrons (e) and

holes (h).

response is observed above 372 nm. Therefore, this method enables the measurement of the electric fields in the barriers, which
are crucial elements in the inter-well transport.
VI. MODEL AND I–V CURVE ANALYSIS
From the charge accumulation depicted in Fig. 7, one can analyze the consequences of the barrier absorption. Carriers photogenerated in the barriers are going to be quickly separated and
trapped in the adjacent wells. There, they form a dipole that
screens the electric field in the barrier, enhancing the thermionic
emission over the barrier and the tunneling probability, resulting
in a total increase in the device current. The dipole field opposes
the electric field of the long-range potential created by the accumulated charge at the edges of the MQW region, and makes the
band diagram approach a flat-band situation: Fig. 9 illustrates
and recombination
times of
this process. The escape
electrons and holes will determine the lifetime
of this dipole.
Once the flat-band condition is reached, the charge distributes uniformly across the wells either by tunneling or by
thermionic emission. The step-like feature is the result of this
process, which is accompanied by a stronger luminescence
observed from visual inspection through a microscope due
to the enhanced recombination rate. This behavior was also
observed at 77 K, which suggests a dominant tunneling process
less sensitive to thermal effects, and accounts for the transition
between device states (from NAE to flat-band diagram) found
for the gain band R2 in the time response measurements. However, the characteristic time of this process remains uncertain
from those measurements because it is masked by the long
response times of the potential screening. This point will be
elucidated in Section VII.
In order to gain further insight into the conduction mechanisms, the – characteristics of standard p-i-n diodes and
p-MQW-n diodes were compared (Fig. 10). The thickness of the
intrinsic region in the p-i-n diodes was equal to the total thickness of the active region in the p-MQW-n diodes. Two main differences are noticeable between both – characteristics. One
is the right-shift of the p-MQW-n curve at low voltages; this
in the hetshift is caused by the extra potential drop
erojunctions forming the MQW region, which is enhanced by

Fig. 10. I –V characteristics obtained in darkness from the p-MQW-n diodes
under study and p-i-n diodes with an i-region thickness of 30 nm. Inset: I –V
characteristics of the p-i-n diodes in darkness and under back-illumination at
365 nm.

the presence of piezoelectric fields [7]. The other difference is
that the p-i-n diodes do not present the step-like feature, and in
fact, no optical response was observed at that range of voltages
(inset of Fig. 10). This confirms that both phenomena are a direct consequence of the MQW.
The general model for the – characteristic in p-i-n diodes
is given by
(4)
where is the saturation current, is the Boltzmann constant,
is the temperature and is the ideality factor. We neglect the
effect of the series resistance for the sake of clarity. Using this
is obtained from the fitting of the p-i-n
equation, an
diodes at low voltages. This high ideality factor departs from the
Sah–Noyce–Shockley theory, which is a typical characteristic of
III-nitride diodes [28]. A possible explanation might be a slight
Schottky rectifying behavior of the p-GaN contact.
From the – characteristics, the effect of the MQWs can
be taken into account including an extra potential drop term
. Therefore
(5)
The
obtained from the fitting of the p-MQW-n sample
at low voltages is 0.62 V, while the ideality factor is equal to 3.7,
as in the p-i-n diode. At high voltages, the potential drop at the
heterojunctions is reduced by two effects: the screening of the
piezoelectric field caused by the injection of carriers and, under
illumination, the screening caused by photogenerated carriers
in the barrier, as described previously. Then, two terms can be
added to account for both effects
(6)
where
and
represent the lowering effect on the potential drop due to the current injection and optical power excitation
, respectively. At low optical powers, we may consider as
a first order approximation that
, which
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allows us to calculate the ratio between the current under illuand in darkness
as
mination

(7)
The lowering effect on the barriers due to the optical power
excitation can be written as
(8)
where is the dipole lifetime,
the illuminated area,
is
the number of barriers, is the absorption coefficient and
the barrier length. Hence, from (7) and (8), we can determine
approximately the dipole lifetime needed to get the
values measured in the samples under study. At 11 nW, this ratio
was about 2 under uniform illumination across a 0.023 mm area
device. An absorption coefficient of 2.8 10 cm is expected
for the electric field calculated in the barriers. These values yield
a dipole lifetime of 0.01 s. In our model, the dipole lifetime is
. From the temporal response plot,
given by
can be estimated to be a few seconds. Therefore, our model
predicts almost three orders of magnitude lower dipole lifetime,
which means that the carrier escape time from the wells may
dominate the dipole quenching.
At low powers, (7) can be approximated by
(9)
(10)
which accounts for the linear dependence of the photocurrent on
incident power observed in our experiments for the gain band
R1.
On the other hand, the R2 band is the result of the tunneling
current that leads to the flat-band condition. The electrons and
holes accumulated at the edges of the active region under high
carrier injection travel through the barriers to meet in the wells.
The barrier illumination screens part of the potential at the heterointerfaces, which is enhanced by the polarization fields, and
increases the tunneling probability. Thus, the transition from
NAE to the flat-band condition takes place at slightly lower voltages (see inset Fig. 1). The high current delivered makes this
gain mechanism promising for high sensitivity detection.
VII. DETECTION OF LOW PHOTON FLUXES
We explore the use of the tunneling origin of band R2 to detect
low photon fluxes. As concluded from the previous discussion,
the illumination of the barriers helps to screen the potential at the
heterointerfaces, enhancing tunneling probability and its associated current. Biasing the device at those voltages, we prepare it
to trigger the tunneling process in presence of light. The device
is kept biased for a short time, after which it is biased back to
zero to sweep the charges from the wells. This operation mode
is similar to the pulsed Geiger mode operation of avalanche photodiodes using a gated quenching circuit, but with a much lower
baseline voltage.

Fig. 11. (a) Left axis: Detection efficiency of 10 ns bias pulses with a V amplitude under illumination with 5.0 nW ( 90 ph/pulse). Right axis: Dark count
rates. (b) Bias pulse applied to the device for detection of low photon fluxes,
and current pulse delivered under barrier illumination; in the absence of illumination, the current remains below the noise floor.



To test this procedure, the device was biased using a pulse
of amplitude
V and width 10 ns at a repetition rate of 10 kz. The device was biased to zero in between
pulses. The cathode of the device was connected to the 50input of a pulse counter [9]. The discriminator voltage of the
pulse counter was adjusted to maximize the pulse detection efficiency and minimize the dark count rate. An optical power of
5 nW at 365 nm, equivalent to 90 ph/pulse, was used to pump
the diode under back-illumination. The pulse detection probability was measured as the number of detected pulses divided
by the total number of bias pulses. The dark count rate (DCR)
is the probability of detecting a false count divided by our pulse
width.
Fig. 11 (a) shows that DCR reduces from 54 MHz, at a pulse
bias of 3 V, to 4 MHz at 5.25 V, whereas the pulse detection
efficiency monotonously increases, reaching a value of 86% at
5.25 V. Most part of the DCR reduction takes place between 3.5
and 4.25 V, i.e., voltages that maximize R2 gain band. This reduction is due to the higher signal obtained when the amplitude
of the bias pulse reaches this gain band. The tunneling process
responsible of this mechanism delivers significant current pulses
when the barriers are illuminated, as shown in Fig. 11(b). In contrast to the long-range potential screening, it demonstrates to be
a fast process with characteristic times in the nanosecond range
that enables the detection of low photon fluxes. Although, this

352

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 44, NO. 4, APRIL 2008

performance is still far from the current state-of-the-art of UV
single-photon detectors based on APDs [29], [9], investigation
of these devices is worthwhile since it may lead to revolutionary
advantages such as lower bias voltages, larger active areas, or
uniform response in the single-photon detection field.

VIII. CONCLUSION
High optical responses have been obtained under barrier illumination in forward biased p-InGaN–GaN MQW-n diodes.
Photocurrent measurements allowed us to evaluate the effect of
the polarization fields on the barrier absorption, in good agreement with theoretical predictions. Two gain mechanisms are
identified: the long-range inter-well potential screening (R1)
and the tunneling effect through the barriers (R2). The first gain
mechanism has demonstrated to be slow, with response times
of seconds. On the other hand, the tunneling effect has demonstrated to enable the fast detection of low photon fluxes. A coupled Schrodinger–Poisson solver might help to confirm the resonant origin of the tunneling mechanism.
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