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Dark current analysis of mesa type In,sGa,,As p—i—n photodiodes

with different annealing treatment
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Abstract: In order to study the dark current of the devices, in this paper, the dark current of In,gGagiAs p—
i —n photodiodes was analyzed. Extended wavelength InygGay;;As p —i —n photodiodes with mesa type
configuration were fabricated by two different processes. The first process (device marked M135L—5) was:
rapid thermal annealing (RTA) was performed after mesa etching. The second process (device marked
M135L-3) was: RTA was performed before mesa etching. Dark current mechanisms for extended wavelength
InyxGay,As p—i—n photodiodes with different device fabrication processes were studied by means of the
current—voltage curves at different temperatures and bias voltages. In contrast to M135L—5, M135L-3 had a
lower dark current at the same test temperature from 220K to 300 K. The ratio of perimeter-to-area(P/A) was
used to characterize the perimeter-dependent leakage current and the area-dependent leakage current. The
results show that M135L—3 has a lower area-dependent leakage current. Activation energy of devices served
as a method to estimate the dark current composition was extracted from current-voltage curves. The results
indicate that the dark current of M135L -5 is dominated by diffusion current at reverse 0.01 -0.5 V bias
voltage and at 220-270 K. The dark current of M135L-3 is dominated by diffusion current at 250—-300K as
well as dominated by generation recombination current and surface recombination current at reverse 0.01—
0.5 V bias voltage and at 220-240 K. Meanwhile, the results of dark current fitting also show the same
conclusions. The studies have shown that M135L -3 with annealing treatment and optimization process is
better than M135L—5 for reducing dark current because the RTA decrease the bulk dark current.
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0 Introductions

Indium(In)-rich InGa,_As ternary material grown

on InP substrate by gas source molecular beam
epitaxy (GSMBE) is suitable for detector applications
in the shortwave infrared band such as hyper-spectral
imaging, deep space exploration, and infrared
astronomical detection and so on""?'. The increase of
indium composition can extend the wavelength
response to 2.6 pm (x=0.83), while leading to many
material defects and poorer device performances due
to the lattice mismatch about +2.06% between
InyxGa,-As active layer and the InP substrate. Dark
current is a key parameter for photoelectric detectors.
It should be decreased as far as possible to improve
signal to noise ratio (SNR) based on the Ilow
background application. For the purposes of improving
the photoelectric performance of the In-rich InGaAs

shortwave infrared(SWIR) detector, some new structures

" "

such as "nBn" structure and P —i -1 —N structure
proposed by other researchers are useful methods in
terms of decreasing the dark current of detectors~*.
However, the process technology also plays an
important role in fabricating the detectors, decreasing
the dark current and improving the properties of
photodiodes. For example, the annealing treatment is

benefit for decreasing the defects of material, the

T A

passivation treatment has an effect on reducing the
dark current because it restrained the defects of top
surface and sidewall, and the etching process is key
process technology for fabrication photodiodes because
it is very important®™®. In this paper, we will study on
the dark current of mesa type InggGag,As p—i—n
photodiodes with different annealing treatment. The
order of annealing treatment has an important
influence on improving the performance of photodiodes.
In, 5,Ga, ;As

their dark

Mesa type extended wavelength

photodiodes have been fabricated and
current has been tested by current-voltage (I —V)

measurement.

1 Experiments

The p —-i —n mesa type InAlAs/In,gGa,;As/
In,Al, _,As/InP double hetero-structure materials used
in our work were grown on a semi-insulating InP(Fe)
substrate by Gas Source Molecular Beam Epitaxy
(GSMBE). The epitaxy materials consisted of a 0.6 um
(Be-doped) P*—In, Al 1;As cap layer with the doping
concentration of about 2x10%cm™, a 1.5um i—In, &Ga, 1;AS
absorption layer(unintentionally doped), and a 2.0 pm
Si—doped N*-InAl, _As linearly grading buffer layer
with the doping concentration of 2 x10" cm ~. The
epitaxy materials are shown in Tab.1. In,Al,_As linearly
grading layers were used to reduce lattice mismatch

and dislocation density of active area.
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Tab.1 p—i—n epitaxy materials for photodiodes

Doping concentration

Epitaxy layer Layer thickness/pm

/em™
P*—In, gAl, -A
nf).az 0.17A8 0.6 >9E18
capping layer
i—Inu.a’z.G%.nAS 1.5 —3E16
absorption layer
N*-InAlA: i
n s grading 2.0 = 9E18
buffer layer
InP substrate 350 p>=1E6Qcm

The M135L—-5 and M135L-3 p-i—n mesa type
devices were fabricated based on the above materials.
The main processes of M135L—5 are as follow: (1) the
mesa was formed by Inductively Coupled Plasma(ICP)
etching, (2) fabricated the p—type electrode, (3) rapid
thermal annealing (420 C and 40's, N,) was performed
with rise time of about 10 s and negligible overshoot.
(4) the mesa top surface and sidewall were passivated
with low —temperature SiN, deposited by Inductively
Coupled Plasma  Chemical = Vapor  Deposition
(ICPCVD)(75 C), as shown in Fig.1(M135L-5). The
M135L -3 was fabricated as follows:(1) fabricated the
p—type electrode, (2) rapid thermal annealing (420 C
and 40s, N,) was performed, (3) the mesa was formed
by ICP etching, (4) the mesa top surface and sidewall
were passivated with low-temperature SiN, deposited

by ICPCVD(75 C), as shown in Fig.1(M135L-3).

Mesa
etching E>

P-type E> Rapid thermal E> Silicon nitride
electrode annealing passivating

\

(a) M135L-5

P-type E> Rapid thermal E:> Mesa |:> Silicon nitride
electrode annealing etching passivating

(b) M135L-3
Fig.1 Schemes of fabrication process of mesa type InGaAs
photodiode, (M135L—5) rapid thermal annealing after
mesa etching, (M135L—-3) rapid thermal annealing

before mesa etching

Test with  different
elements area of @200 pm?, @150 pm?, D120 pwm?,
D100 pm?, P80 um?, P60 um?, P50 pm?, P40 pm?

were designed and fabricated, as shown in Fig.2.

structures photosensitive

Cross-section of the p—i—n mesa type photodiode is

shown in Fig.3. The current-voltage curves were
measured by Agilent B1500A Semiconductor Device
Analyzer at different temperatures, and dark current
mechanisms were analyzed according to I-V curves at
different temperatures and bias voltages. The ICPCVD
SiN, deposition system is Plasmalab System 100
ICP180 from Oxford Instruments Plasma Technology.

T

(m)

Fig.2 Test structures with different photosensitive elements area

P contact

i-In,;,Ga,,,As

uonjearssed *NIS
uonearssed *NIS

Absorption layer
N contact

InP substrate

Fig.3 Cross-section of the p—i—n mesa type photodiode

2 Results and discussion

2.1 Theory of dark current mechanism

Dark current is an importance parameter for any
photodetectors. In a mesa type p—i—n photodiode, the
dark current which has a bad influence on the
performance of device originates from several regions:
buffer and absorption interface; the absorption layer
bulk material; depletion region in absorption; cap and
absorption interface; cap and dielectric interface; the
dielectric passivation layer; sidewall of the mesa. So
the dark current should be decreased immensely to
enhance the signal to noise ratio.

At different reverse bias voltage and temperatures,
each component plays different roles. The dark current
of a pn —junction can be divided into two main

sections'. The relation between the dark current density
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and the ratio of P/A is described by Eq. (1):

P

J:JVX+Jb (1)

where J, is the perimeter-dependent leakage current
component, J, is the area-dependent leakage current
component.

The different current mechanisms of extended
wavelength InGaAs detectors are considered with the
relationship of bias voltage and temperature ®='. They
are the diffuse current (Jy4), the internal generation-
recombination (GR) current (J,), the ohmic leakage
current (Jg), the trap-assisted tunneling (TAT) current
(Ju), the (Jaw)s

respectively. The relationship of each dark current

surface  recombination  current

component is presented as follows:

exp(%)—l } Ocexp(—%) (2)

Jg:Cgexp(—% ) V=) exp(’%’)—l OCexp(\ —%) 3)
Jo= Ig; OCVT"Zexp(’—?%YT) (4)
szmvmeXP(—ﬁ‘f) (6)

seexel~ir @

where C, and C, are a constant related to material
parameters, E, is the energy gap of InGaAs absorption
layer, k is the Boltzmann constant, V,; is built-in
voltage, W is the depletion width, N, is the trap state
density, E, is the trap energy level, m, is hole mass, M
is a matrix element related to trap potential barrier, F' is
electric field intensity, E, is thermal activation energy.
The thermal activation energy E, of the detector
extracted from fitting [-V curves can evaluate the major
dark current mechanisms. The thermal activation energy
(E, is extracted at certain reverse-bias voltage. Dark
current mechanisms are dominated by diffusion current
when E,=E, whereas dominated by internal GR and
ohmic leakage current when E,=E /2, and dominated by

surface recombination current when E=FE/4.

2.2 Test results and dark current analysis

The curves of J as a function of P/A for M135L—
5 and M135L-3 at room temperature(300 K) are shown
in Fig.4. The graph shows that the curve of M135L—-3
is lower than MI35L -5, indicating the lower area-
dependent leakage current component of M1351-3, but
the perimeter-dependent leakage current of M135L-3 is
higher obviously. The fitted J, and J, values at room
temperature and —10 mV bias for M135L -3 and
M135L-5 are shown in Fig.4, respectively. The results
show that J; value of M135L -5 (6.635E—-9 A/cm) is
lower than that of M135L-3 (1.157E-7 A/cm), indicating
that the perimeter-dependent leakage current of M135L—
MI35L -3 should be
optimized further. However the J, value of M135L -3
(2.512E -4 A/cm?) is lower than that of MI135L -5

(3.513E -4 A/cm®) at whole perimeter-to-area range,

5 is restrained -effectively,

indicating that the area-dependent leakage current of
MI135L -3 is reduced obviously maybe because the
annealing treatment optimized the material. Especially,
when the perimeter-to-area value is 200, the dark
current density of M135L -3 is reduced about 45%
from MI135L —5. The curves about the dark current
density and temperature of the photodiodes are shown in
Fig.5. The dark current of M135L -3 photodiodes is
obviously reduced, meanwhile the graph shows that the
dark current of MI135L -3 is lower than that of
MI35L -5 at whole temperature range. This may
because the mesa is exposed to air for long time than
M135L-5.

M135L-5
—a-M135L-5 J=6.635E-9 A/cm, J,=3.513E-4 A/cm
—e—M135L-3 MI135L-3

J=1.157E-7 A/em, J,=2.512E-4 A/cm
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Fig.4 Dark current density vs P/A for M135L-5 and M135L-3

at room temperature (300 K)
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Fig.5 Dark current density and temperature

Thermal activation energy can be extracted by
fitting the Eq. (7). The Arrhenius plots show the
thermal activation energy (E,) of M135L-3 in Tab.2.
The dark current density versus the reciprocal of
temperature of M135L -5 and M135L -3 measured at
reverse 0.01—0.5V bias are shown in Fig.6 and Fig.7,
respectively. The results show that the dark current
density is dominated by diffusion current for M135L—5
at 220-270 K at different bias voltages.

For the MI135L -3, the dark current density is
dominated by surface recombination current at 220 —
240K at reverse bias 0.4—0.5V, generation recombination
current, ohmic leakage current and diffusion current at
reverse bias 0.01 —0.3 V at the same temperature,

diffusion current at 250-280K at different bias voltages.

Tab.2 Thermal activation energy E, of M135L-3

250-300 K 220-240 K
E(eV)@-0.5V 0.347 0.162
E(eV)@-0.4V 0.383 0.188
E(eV)@-0.3V 0.4203 0.234
E(eV)@-0.2V 0.455 0.313
E(eV)@-0.1V 0.488 0.381
E(eV)@-0.01V 0.500 0.343
0.01

, MI35L-5 ® 05V

2 | s .04V

2 MBS A-03V

= v -02V

2 1E-4F Ea= (eV) <01V

5 = 0.399 > -0.01V
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Fig.6 Dark current density of M135L—5 at different temperatures
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Fig.7 Dark current density of M135L-3 at different temperatures

However, the thermal activation energy is gradually
decreased with increasing the reverse bias voltage for
M135L-5, different form M135L-3. It concluded that the
advantage for M135L—3 may result from its successful
restraint of diffuse current at lower bias.

2.3 Fitting results of the dark current

The dark current measured and simulated for
MI35L-5 at 300K and 220 K are shown in Fig.8. At
300 K, the results show that the dark current
mechanisms are dominated by the diffuse current at
relatively low reverse bias voltage, while the ohmic
current (ly,) and the trap —assisted tunneling (TAT)
current (I,) increase at relatively high reverse bias
voltage. At 220 K, the dark current mechanisms are
dominated by the GR (/,.,) and ohmic (/,.) current at
relatively low reverse bias voltage, while the TAT
(lx) and ohmic current(/y,,) increase at relatively high
reverse bias voltage. The dark current measured and
simulated for M135L-3 at 300 K and 220 K are shown
in Fig.9. At 300 K, the results show that the dark
current mechanisms are dominated by the diffuse and
ohmic current at relatively low reverse bias voltage,
while the ohmic current increases at relatively high
reverse bias voltage. At 220 K, the dark current
mechanisms are dominated by ohmic and GR current
at relatively low reverse bias voltage, meanwhile
dominated by TAT and ohmic current at relatively
high reverse bias voltage. The results also show that
the GR current and diffuse current of M135L -3 are

lower compared with M135L-5 at 220 K.
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Fig.8 Dark current measured and simulated for M135L-5
at 300K and 220 K
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Fig.9 Dark current measured and simulated for M135L-3
at 300K and 220 K

3 Conclusions

Two different annealing treatments for mesa type

InyGa,1;As p —i —n photodiodes have been studied.

The results show that the photodiodes with rapid
thermal annealing before mesa etching has a lower
dark current density at 220 K and 300 K, and the
area-dependent leakage current has a lower level. The
activation energy of both samples is extracted and the
dark current is measured and simulated. The
optimization of the photodiode performance is related
to the decrease of sidewall recombination current. The
annealing treatment mechanism for different anneal

process need to be further researched.
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