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The performance of an InGaN/GaN multiple quantum well (MQW) based visible-light Schottky photodiode (PD)
is improved by optimizing the source flow of TEGa during InGaN QW growth. The samples with five-pair InGaN/GaN
MQWs are grown on sapphire substrates by metal organic chemical vapor deposition. From the fabricated Schottky-barrier
PDs, it is found that the smaller the TEGa flow, the lower the reverse-bias leakage is. The photocurrent can also be enhanced
by depositing the InGaN QWs with using lower TEGa flow. A high responsivity of 1.94 A/W is obtained at 470 nm and
—3-V bias in the PD grown with optimized TEGa flow. Analysis results show that the lower TEGa flow used for depositing
InGaN may lead to superior crystalline quality with improved InGaN/GaN interface, and less structural defects related

non-radiative recombination centers formed in the MQWs.
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1. Introduction

Nowadays, applications such as visible light communica-
tion, biophotonics, and fluorescence spectroscopy highly re-
quire the efficient photodetectors working in the visible-light
wavelength region.!!! The InGaN ternary alloys are promising
semiconductors for visible-light detection because of their di-
rect and tunable band gap energy from 0.7 eV to 3.4 eV, cover-
ing the entire visible region by varying the indium (In) compo-
sition. Up to now, the InGaN-based photodetectors, however,
still suffer from the large leakage current and poor spectral re-
sponse characteristics, due to the presence of a high density
point and line defects, and phase separation and composition-
pulling effects in InGaN epitaxial layers.!>3! These problems
generally become more serious as the In content and layer
thickness increase.

The InGaN/GaN multi-quantum well (MQW)-based pho-
todetector has been used as an alternative to overcome
the technological problems.!*! The reported InGaN/GaN
MQWs-based photodiodes demonstrated the superior charac-
teristics of low dark current, high detection contrast, and high
responsivity resulting from the internal gain mechanism by
the polarization field.®! Further performance improvement in
terms of quantum efficiency has been shown possibly by de-
signing the device with appropriate parameters such as the
number of QWs, the thickness values and doping levels of bar-
rier and blocking layers.!”! Besides the structure design, the
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effects of growth parameters are also important for improving
the performance. For the InGaN/GaN MQWs grown with the
common metal organic chemical vapor deposition (MOCVD)
method, the structural and optical properties are very sensitive
to the main growth parameters such as growth temperature,
pressure, and gas flows. The influences of trimethylindium
(TMIn),®! ammonia,® and hydrogen!'”! on the optical and
electrical characteristics of InGaN/GaN-MQWs-based opto-
electronics have been widely investigated. However, the effect
of the triethylgallium (TEGa) flow, which is usually used as
the Ga source when growing InGaN QWs, is seldom reported.

In this work, the effects of the TEGa flow on the optical
and structural properties of In,Ga;_,N(x ~ 0.2)/GaN MQWs
are first investigated. Then the planar Schottky photodiodes
are fabricated on the MQW wafer samples. Reduced leakage
and enhanced photocurrent are obtained in the devices with
superior MQW properties. The mechanisms for the improve-
ments are also analyzed.

2. Experimental procedure

The InGaN/GaN MQW samples were grown on (0001)
sapphire substrates by using a low-pressure MOCVD system.
TMIn and NH3 were used as precursors for In and N, respec-
tively. TEGa was used as the Ga source for depositing InGaN
QWs while trimethylgallium (TMGa) was used for growing
GaN layers. During the growth of InGaN/GaN MQWs, the
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carrier gas was switched from H, to N» to avoid compro-
mising the In incorporation. The sample epistructure consists
of a 25-nm-thick nucleation layer grown at 530 °C, a 4-um-
thick undoped GaN layer deposited at 1050 °C, a five-periods
In,Ga;_xN(x ~ 0.2)/GaN MQWs and a 35-nm-thick GaN cap
layer. The QWs and quantum barriers (QBs) were grown at
715 °C and 815 °C, respectively. Before the temperature was
ramped up to grow QB, a 1-nm-thick GaN protecting layer
was deposited right after the growth of InGaN QW. Table 1
lists the growth conditions of our three samples.

The Schottky-barrier photodiodes (SBPD) were fabri-
cated by the following procedure: Ohmic contact of Ti
(15 nm)/AI(80 nm)/Ni(20 nm)/Au(60 nm) was deposited via
electron-beam evaporation followed by annealing in a rapid
thermal annealing (RTA) system at 780 °C for 30 s in N, am-
bient. A 10-nm-thick semitransparent iridium (Ir) film was
electro-beam deposited as the Schottky contacts each with a
diameter of 150 um. After that, the Schottky contacts were
annealed by RTA at 500 °C for 1 min in O, ambient for form-
ing IrO, Schottky contacts.!!!! Prior to device fabrication, the
epitaxial samples were treated in HCl 4+ H,O, for 10 min to
remove the surface oxides and other impurities.

Structural properties of the MQW samples were investi-
gated by an @w-260 method of high resolution x-ray diffraction
(HR-XRD). Simulations with using LEPTOS software were
carried out to estimate the values of In content and thick-
ness of the QWs and QBs.
acterized by the temperature-dependent photoluminescence

Optical properties were char-

(TDPL) measurements in a range of 8 K-300 K by using
a 325-nm-wavelength 25-mW He—Cd laser as an excitation
source. Current—voltage (/-V) characteristics of the photodi-
odes were measured by using a Keithley 4200-SCS charac-
terization system at room temperature under dark and illumi-
nation conditions respectively. The spectral photoresponses
were measured by using a light source of a xenon lamp, a
monochromator with 1200 g/mm grating, and a calibrated Si
photodiode.

3. Results and discussion

Figure 1 shows the ®w-260 scans for (0004) reflection of
the three samples grown with different TEGa flows. The
strongest peak at 8 ~ 36.5° comes from the (0004) plane un-
derneath the undoped-GaN and satellite peaks originate from
the InGaN/GaN MQWs. By fitting the position and the rela-
tive intensity of the light-order satellite peaks,[!?! the values of
QW/QB thickness and the In content in MQWs are estimated.
The obtained results are also summarized in Table 1. In the
calculation, the full strain condition is assumed to hold for the
InGaN QWs, which is usually valid for such thin QWs. It can

be seen that the In content increases with TEGa flow increas-

ing, which may be attributed to the enhanced In incorporation

by the higher growth rate under the larger TEGa flow.[?]
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Fig. 1. (color online) HR-XRD @/26 scans for the (0004) plane of the
samples grown with different TEGa flows.

For sample A, a well-defined satellite peak up to the 8th
order can be clearly distinguished indicating the high quality
of the prepared MQWSs which is better than that of the usual
In,Ga;_N(x ~ 0.2)/GaN MQWs with the observed satellite
peak up to 2nd—4th.[1415] Comparing with sample A, a deteri-
oration of the satellite peaks is clearly presented in sample C,
meaning that the interface between QW and QB is rougher in
sample C.

It is well known that the full width at half maximum
(FWHM) of the satellite peak will be broadened by the inter-
face roughness of an MQW structure. The interface roughness
can therefore be evaluated according to the FWHM change
of satellite peak with increasing order of the peak.!'® Using
the method described in Ref. [16], the interface roughness val-
ues are calculated to be 0.3%, 1.4%, and 2.4% for samples
A-C, respectively. It can be easily found that the roughness
increases with TEGa flow increasing.

— fitting curve of A
— fitting curve of B
— fitting curve of C
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Fig. 2. (color online) PL spectra of InGaN/GaN MQWs grown with
different TEGa flows measured at 8 K. Inset shows the Arrhenius plots
of the integrated TDPL intensity of samples A, B, and C. The solid lines
are the corresponding fitting curves.
Figure 2 shows the PL spectra of the three InGaN/GaN
MQWs samples measured at 8 K. For sample A we ob-

serve a strong single emission peak at 2.51 eV. With TEGa
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flow increasing from 4.47 pmol/min to 5.44 pmol/min, the
emission peak shifts to the lower energy of 2.23 eV, which
can be attributed to the more In adatoms incorporating into
the QWs and quantum-confined Stark effect (QCSE) induced
by the piezoelectric field in MQWs increasing with the QW
thickness.!!”! It can also be seen that the peak intensity de-
creases with TEGa flow increasing. Moreover, a shoulder peak
at 2.18 eV is observed in sample C. It is known that In-rich
clusters caused by inhomogeneous distribution of In adatoms
in the InGaN QW layer would lead to the appearance of the
lower energy peak.!!®1° Therefore, the single and strong PL
peak of sample A can be ascribed to the more homogeneous
distribution of In adatoms in the QW layer by the low TEGa
flow. A possible explanation for this effect is that during the
QW growth the In adatoms undergo a dynamic equilibrium
between absorption and desorption. Reducing the TEGa flow
(growth rate) may enhance desorption of solitary In adatoms,
leading to an improved distribution of In adatoms in InGaN
QWs.

Thermal-quenching analysis by the TDPL measurements
is an effective way to evaluate the crystalline qualities of In-
GaN/GaN MQWs.[29211 1t is generally known that a number

of nonradiative recombination centers (NRCs) are formed in
InGaN QWs and the activation energy of these NRCs is al-
ways smaller than the total QW binding energy of electrons
and holes. Accordingly, the luminescence thermal quenching
of the InGaN/GaN MQWs is actually dominated by the nonra-
diative recombination process.??! The integrated PL intensity
can therefore be expressed as a function of NRC density in
MQWs and the activation energy of NRC in the thermal acti-
vated process. The following expression considering two non-
radiative recombination centers is usually used for evaluating
the NRC density and the activation energy: >3]

1(m)/10)=1/ [1 +Y aexp <1§:T)] ,

where ; are rate constants related to the density of NRCs, E;
are the activation energies of the corresponding NRCs, and
kp is the Boltzmann constant. We record the PL spectra in a
temperature range of 8 K-300 K. Using the equation, the in-
tegrated PL intensities are well fitted as shown in the inset of
Fig. 2, and part of the fitting parameters are also summarized
in Table 1.

Table 1. Growth conditions, characterization results, and the fitting parameters of the normalized temperature-dependent PL integrated

intensities for samples A, B, and C.

Sample TEGa Structural parameters Interface Fitting parameters
flow/(pumol/min) QW/nm QB/nm In content roughness (03] E{/meV o E>/meV
A 4.47 2.62 17.05 19.2% 0.3% 1.04 14.7 40.01 70.21
B 5.05 2.80 17.85 20.2% 1.4% 0.77 10.7 46.10 74.05
C 5.44 2.89 19.46 22.8% 2.4% 1.75 9.04 203.3 69.66
As can be seen from Table 1, the rate constants ¢; and 102
o, of samples A and B are much smaller than those of sample 10-4 /
C, which means that the density of effective NRCs is reduced < L f’
> —_ -
by lowering the TEGa flow. The relatively small rate con- ‘g 1076 " A R
. . .. F B g
stants of a; and o obtained in sample A indicate the supe- 5 10-st C ::.'
(3} A
rior crystalline quality of InGaN/GaN MQWs. These are well e ol Af"
. . s 10719F Ae
consistent with the HR-XRD and PL results. On the other A g A‘:
hand, for the dominant o-type NRCs, the values of activa- 10-12F —— 4
tion energy E> (~ 70 meV) of the three samples change little, 10-14 L
suggesting that they might have the same origin of NRCs be- -8 -6 —4 —2 0 2
Voltage/V

cause of their similar activation energies. Dislocations are the
likely candidate responsible for these NRCs, due to the similar
characters and densites in all of the three samples. However,
this possibility is contradicted by the results obtained by using
quite different NRC densities between sample C and sample
A or B. It has been reported that the large-size In clusters split
into small clusters (i.e., more homogeneously distributed In
adatoms) may enhance the screen effect of NRCs.[??! There-
fore, we speculate that the lower density of effective NRCs in

sample A is ascribed to the suppression of In segregation.

Fig. 3. (color online) Dark /-V curves for photodiodes fabricated on
samples A—C. The diameter of the Schottky contact is 150 pm.

The dark /-V characteristics of the three SBPD samples
are shown in Fig. 3. At a reverse bias voltage of 2 V, the
dark currents of the samples A—C are about 6.2 x 10713 A,
23 x 10712 A, and 9.2 x 107% A, respectively. With in-
creasing the reverse bias voltage, the dark currents of sam-
ples A and B increase gradually, whereas that of sample C
increases dramatically. The forward/reverse current ratio at
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+/ =2 V of samples A—C are about 1.28 x 103, 1.86 x 107,
and 3.59 x 10* respectively, indicating that the sample grown
with lower TEGa flow has a superior rectifying characteristic.
This improvement is ascribed to the suppressed structural de-
fects in the InGaN/GaN MQWs by the low TEGa flow. It has
been proposed that the dislocations/V-defects or In clusters be
correlated to the localized leakage paths in the InGaN/GaN
MQW system.!?*! Since the dislocations in the GaN grown
on sapphire substrates are mainly from underneath the GaN
buffer, the extra dislocations generated during the growth of
InGaN/GaN MQWs might be marginal and can be safely ig-
nored compared with the dislocations penetrated from under-
neath the GaN layers. This assumption is supported by the
fact that all the samples are grown under identical growth con-
ditions for the GaN buffer layer, and by the (105) reciprocal
space mapping results (not shown here) which reveal that all
the InGaN/GaN MQWs are coherently strained on the GaN
buffer. Therefore, the suppressed In clusters by the low TEGa
flow, rather than the dislocation reduction, are considered to
be the reason for the leakage improvement in our case.

Table 2. SBH and n values of SBPD samples A—C obtained from the
TE and TFE models.

TE model TFE model
Sample
D, /eV n D, /eV n
A 1.13 1.70 1.54 1.22
B 1.10 1.65 1.50 1.40
C 1.00 1.75 1.39 1.55

To evaluate the Schottky-contact parameters, we ana-
lyze the forward /-V curves of SBPD samples A—C by us-
ing the thermionic emission (TE) model.!*>! The Schottky
barrier height (SBH) and ideality factor (n) of sample A are
determined to be 1.13 eV and 1.70, respectively, by using
the theoretical Richardson constant of A* = am*gk*/2wh =
26 A-cm~2-K~2. For sample C, the SBH and n are 1.00 eV
and 1.75, respectively. These data indicate that the increas-
ing of the TEGa flow causes the SBH to decrease and the
ideality factor to increase. Moreover, the obtained ideality
factors larger than 1.5 suggest that the TE model is not ade-
quate for explaining the transport characteristics of our SBPD
samples.[?>! For this reason, the I-V curves are also analyzed
by using the thermionic field emission (TFE) model. The ob-
tained values of SBH and n of sample A are 1.54 eV and 1.22,
respectively, while those of sample C are 1.39 eV and 1.55.
The values of n extracted from the TFE model show a sim-
ilar changing trend to those obtained by the TE model, but
closer to 1 (see Table 2), meaning that the thermally-assisted-
tunneling mechanism is more suitable for the forward current
transport in samples A—C.

On the other hand, the leakage current transport mech-
anisms in the SBPD samples are also investigated. Dark re-

verse [-V curves are measured at different temperatures rang-
ing from 293 K to 353 K. We find that the current transport
fits well the Frenkel-Poole emission model which is expressed

as [26]

q <¢t - \/‘IE/”8055>
J=CEexp |— T . (1)

From Eq. (1), log(J/E) should be a linear function of EO3 ie,

a | 9 9%

log(J/E) = i\ wee. kT +logC
= R(T)VE+S(T), 2)
R(T)Z%,/MZ&, (2a)
S(T) = —‘%” +logC, (2b)

where E is the electric field in the semiconductor barrier, & is
the barrier height for electron emission from the trapped state,
& is the relative dielectric permittivity at high frequency, T is
the temperature, & is the permittivity of free space, and k is
Boltzmann’s constant. The R(T) and S(7') values at different
temperatures can be obtained by calculating the slopes and in-
tercepts of log(J/E) and E% curves at different temperatures.
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Fig. 4. (color online) Plots of log(J/E) versus E* for sample C SBPD.

Figure 4 shows the plots of reverse J/E as a function of
E®3 for sample C SBPD measured at different temperatures.
A linear dependence of log(J/E) on E can be observed. J
is also observed to increase with temperature increasing. Ac-
cording to Egs. (2a) and (2b), & = 5.42 and &, = 0.142 eV
can be obtained. The value & for sample C is in agreement
with the reported values (5.35 for GaN and 5.8 for InN).[27]
The extracted value @, = 0.142 eV suggests that the leakage
current in sample C SBPDs is due to the trap-assisted current
from the trap states located ~ 0.142 eV below the conduction
band edge of GaN.

For sample A SBPD, we find that the Frenkel-Poole pro-
cess with linear In(J/E) versus E%- relation cannot explain the
leakage current properties any more. Figure 5 illustrates the
temperature-dependent reverse dark logJ versus logE curves
measured on sample A SBPD. It can be seen that the leakage
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current density increases slowly with electric field increasing.
Under the same bias voltage, the leakage logJ increases al-
most linearly with the increase of temperature. At a temper-
ature of 293 K, the linear slope of the logJ versus logE is
about 1.11, indicating that the surface leakage current is the
dominant leakage mechanism.?”! Comparing with the sample
C SBPD, the decreased leakage current in the sample A de-
vice might be attributed to the reduced localized leakage paths
associated with the In segregation.
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Fig. 5. (color online) Measured reverse dark logJ versus logE curves
for sample A SBPD.
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Fig. 6. (color online) /-V curves of sample A—C PD under dark and
illuminated conditions.

Figure 6 shows the /-V characteristics of samples A—
C under the illuminated and dark conditions. A blue light-
emitting diode (LED) with a peak wavelength of 450 nm is
used as a light source. Due to the large leakage current, the
measured photocurrent of sample C is difficult to distinguish
from the dark current. For samples A and B, it can be seen
that the photocurrent increases exponentially with increasing
the reverse bias voltage and is saturated after the reverse bias
has become greater than 4 V. The increase of photocurrent
is mainly ascribed to the enlargement of the depletion region
with increasing the reverse bias, while the saturation at about
—4 V is attributed to the full depletion of the MQW region. !
Compared with sample B, sample A has a large photocurrent,
which is considered to be as a result of less recombination cen-
ters of photo-generated carriers formed in the MQW region.

Figure 7 shows the spectral responses of sample A. The
photoresponse between 360 nm and 470 nm is due to the

light absorption in InGaN QWs. The spectral responsivity de-
creases in the short wavelength region, owing to the light ab-
sorption of oxidized Ir Schottky contact as shown in the inset
of Fig. 7. A zero-bias peak responsivity of 35.5 mA/W is ob-
tained at 470 nm (2.64 eV), corresponding to an external quan-
tum efficiency (EQE) of 9.4%. The difference between the
absorption edge and the PL peak is ascribed to the weakened
QCSE effect by the Schottky barrier.?®! As the reverse bias in-
creases, the peak responsivity increases and reaches 1.94 A/W
(EQE of 511.8%) at 470 nm and —3 V. This result suggests the
existence of high internal gain in the SBPD of sample A.[*’]
One possible origin of this internal gain is an increased elec-
tron injection at the Schottky contact due to the barrier-height
lowering when photo-generated holes are trapped at the sur-
face sites.!*°! Further improvement is believed to be achieved
by optimizing the MQW structure such as the number of QW's
and the barrier layer thickness.

100
% 70
g
—~ C £ 60
E 10E :
\Q.:/ E &= 50 < oxidized Ir
E L 400 500 600
S 1072 E Wavelength/nm
g E
g 3
2 r —— -3V
% 10—3 -
~ E —-— -2V
E -0V
10’4 L 1 1 1 1 1 1 !
420 540 660 780
Wavelength/nm

Fig. 7. (color online) Spectral responses of sample A PD at different
reverse bias voltages. The inset shows the optical transmittance of oxi-
dized Ir Schottky contact.

4. Conclusions

In this work, the performances of In,Ga;_,N(x ~
0.2)/GaN MQWs-based visible-light Schottky photodiodes
are shown to be improved by optimizing the TEGa flow dur-
ing the MOCVD growth of InGaN QWs. The -V characteris-
tics show that the device with InGaN QW s deposited by lower
TEGa flow has lower leakage current and higher photocurrent.
Peak responsivities of 355 mA/W and 1.94 A/W are obtained
at 470 nm under 0 V and —3 V, respectively. Analysis re-
sults on structural and optical properties of InGaN/MQWs in-
dicate that superior crystalline quality of InGaN/GaN MQW s
in terms of better QW/QB interface, more homogeneous dis-
tribution of In adatoms, and less recombination-center defects
can be achieved by adopting low TEGa flow, which may ac-
count for the improved performances of the photodiodes.
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