
ww.sciencedirect.com

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 2 7 4 2e2 7 4 9
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Original Article
Electronic transport mechanism and defect states
for p-InP/i-InGaAs/n-InP photodiodes
Thi Kim Oanh Vu a,*, Minh Tien Tran a, Nguyen Xuan Tu a,
Nguyen Thi Thanh Bao a, Eun Kyu Kim b,**

a Institute of Physics, Vietnam Academy of Science and Technology, No. 10 Dao Tan, Viet Nam
b Department of Physics and Research Institute for Natural Sciences, Hanyang University, Seoul 04763, Republic of

Korea
a r t i c l e i n f o

Article history:

Received 26 April 2022

Accepted 5 June 2022

Available online 12 June 2022

Keywords:

p-InP/i-InGaAs/n-InP photodiode

Defect states

Electronic transport

DLTS

MBE
* Corresponding author.
** Corresponding author.

E-mail addresses: oanhvtk@iop.vast.vn (T
https://doi.org/10.1016/j.jmrt.2022.06.028
2238-7854/© 2022 The Authors. Published by
mmons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

We have studied the defect states and electronic transport mechanisms in the mismatched

p-InP/i-InGaAs/n-InP photodiode grown by molecular beam epitaxy (MBE) using deep-level

transient spectroscopy (DLTS) and currentevoltage (IeV) measurements. Two defect states

were observed in thep-InP layer,which couldhaveoriginated fromZndiffusion, and another

one detected in i-InGaAs acted as a dislocation defect. The total defect density of the device

estimated by DLTS and space-charge limited current (SCLC) was about 4 � 1013, which was

much lower than the device grown by other methods. IeV measurements pointed out that

the leakage current in this photodiode was caused by the existence of defect states and the

small conduction band offset. Therefore, to suppress the leakage current in the devices, it is

urgent to reduce the trap density and optimize the thickness of the p-InP layer. The study of

defect state and electronic transport mechanism in p-InP/i-InGaAs/n-InP PIN diodes could

help to develop a strategy to improve the SWIR sensing technology in the future.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, there has been a significant increase in interest in

the characterization of p-InP/i-InGaAs/n-InP photodetectors

due to their applications in chemical sensing and fibre optic

communication [1e4]. InP has been used to make the high

performance optoelectronic devices in the wavelength range

of 1.1e1.6 mm, and the longer detection range can be achieved

by mismatching with InGaAs [5,6]. To improve the properties
.K. Oanh Vu), ek-kim@ha
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of p-InP/i-InGaAs/n-InP photodetectors, it is very important to

obtain a high quality InGaAs epitaxial layer. Some epitaxial

techniques such as metal organic chemical vapor deposition

(MOCVD) [7], and liquid phase epitaxy (LPE) [8] have enable us

to grow devices where the film thickness and fracture of a

heterointerface can be precisely controlled. However, molec-

ular beam epitaxy (MBE) is more commonly used than other

techniques [9,10] to produce high quality photodetectors,

which are important for long-lived optical communication

systems.
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Currently, the extended wavelength of p-InP/i-InGaAs/n-

InP detectors suffers from the dark current. The increase of

Indium composition above 0.53 usually leads to a relatively

large mismatch between the InGaAs layer and the InP layers,

resulting in an increase of defect and trap density in the

forbidden band gap, which in turn is the cause of dark current

[11]. It is also suggested that the high dark current in the

photodetectors could be caused by generation-recombination

centers associated with dislocations [12]. To successfully

realize the dark current mechanism and further avoid the

dark current in the photodetector, it is necessary to under-

stand the characterization of defects and traps in the ab-

sorption layers. Deep-level transient spectroscopy (DLTS) is a

powerful tool to study the defect states in semiconductor

devices [13e17]. The method was initially introduced by D.V.

Lang [18] in 1974 which used the capacitance of the pen

junction or Schottky barrier as a monitor of the changes in

the deep defect state. DLTS is a sensitive, rapid, and easy to

analyze technique that can give reliable information on the

defect concentration, activation energy, and capture rates of

the different traps. Besides, space-charged limited current

(SCLC) is another efficient technique to estimate the low

concentration of deep-level defects with high accuracy and

sensitivity [19]. Nowadays, few articles combine these two

methods DLTS and SCLC to deeply understand the defect

states in the semiconductor devices.

In this study, we elucidate the electrical characteristics and

the defects of p-InP/i-InGaAs/n-InP photodiode grown byMBE.

DLTS and SCLC characterizations were performed on the

device to obtain the activation energies, capture cross-section,

and defect concentrations of all the traps. IeV curves also

have been extracted to investigate the sources of leakage

current.
2. Experimental methods

The cross-sectional view of the sample for the electrical

measurements is shown in Fig. 1(a). The sample was prepared
Fig. 1 e (a) The schematic structure of p-InP/i-InGaAs/n-InP ph
using molecular beam epitaxy (MBE). A 250 nm InP was grown

on an n-type InP substrate with a doping concentration of

1016 cm�3, and the 200 nm InGaAs layer followed with a

doping concentration of 1016 cm�3. An n-type InP doped Si top

layer with a thickness of 1 mm was grown over the InGaAs

layer, followed by 2.5 mm InGaAs. The carrier concentrations

of n-type InP and InGaAs were 2 � 1018 cm�3 and 1016 cm�3,

respectively. Finally, the heterostructures of the photode-

tector was completed with 0.5 mm InP with a doping density of

1016 cm�3. Zn was diffused during fabricating the 0.5 mm InP

layer. A scanning electron microscope (SEM) image of the

p-InP/i-InGaAs/n-InP heterojunction's cross-section with Zn

diffusion on the InP layer is displayed in Fig. 1(b). After the

structures were grown, Zn/Au/Cr/Au (20 nm/40 nm/20 nm/

300 nm) and Ti/Pt/Au (30 nm/70 nm/300 nm) layers were

deposited for the Ohmic contacts using a thermal evaporator

with a shadow mask.

The internal mode of the HP 4280 A capacitance meter was

used to measure the capacitanceevoltage and the time-

dependent capacitance transient. The capacitance transients

by the HP 4280 A C-meter have measured at 64 points with a

sampling time of 50 ms. Measurement temperature was var-

ied in the ranges from 100 K to 330 K continuously by using a

closed-cycle refrigerator. The IeV characteristic of the PIN

diode was conducted under the illumination of 1070 nm, on

the film surface.
3. Results and discussions

Figure 2(a) illustrates the typical IeV curves of InP/InGaAs/InP

photodiodes at various temperatures from 140 to 300 K. The

applied DC bias ranged from �1 V to 1 V. The dark current of

the diodes increases sharply with the augmentation of tem-

perature. Under positive bias, more electrons are excited from

the bottom contact layer to the top contact layer because of

the higher sheet electron density of the bottom contact layer

than in the case of negative bias [20]. This creates the asym-

metry of the IeV curves presented in Fig. 2(a). It is well-known
otodiode and (b) the SEM image of sample's cross-section.
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Fig. 2 e (a) The temperature dependence of IeV curves, (b) the dark current density as the function of inverse temperature

under bias voltage of¡1 V, (c) The plots of ln (Is/T
2) versus 1/(kT) characteristic under forward bias of 1 V, and (d) ideal impact

factor as function of temperature for p-InP/i-InGaAs/n-InP diode.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 2 7 4 2e2 7 4 92744
that the dark current consists of four main mechanisms: dif-

fusions, generation-recombination, defect-assisted tunneling,

and band-to-band tunneling [21,22]. To figure out the domi-

nant mechanism of dark current, the dark current density as

the function of inverse temperature is given in Fig. 2(b). In this

study, we investigate the thermal activation energy (Ea) to

identify this dominantmechanism. Theoretically, the relation

between the current density Jr, Ea, and temperature T can be

expressed as:

Jr � exp

��Ea

kT

�
(1)

where k is the Boltzmann constant, T is the temperature in

Kelvin and Jr is the concentration of the dark current. The

calculated thermal activation energy is about 67 meV at high

temperature and about 23 meV at low-temperature range

under the operating bias voltage of e 1 V. In fact, the point of

67 meV was discussed in the literature on electron transport

in high-performance short-wavelength quantum cascade

lasers (Ea ¼ 70 meV) by Laurent Diehl et al. [23]. The leakage

current can be attributed to electrons that can easily scatter
into the state Ea ¼ 90 meV by thermionic emission. As in the

cases of activation energies are too low (Ea ¼ 23 meV), the

reason is considered maybe a greater proportion of the colli-

sion resulted in the reactions or it means their physical origin

might be a diffusion of metal species from Ohmic contacts

toward semiconductor layer [24].

In the forward bias region, for the structures of p-InP/i-

InGaAs/n-InP photodetector, it is assumed that the relation

between the applied forward bias and current of the struc-

tures can be expressed as:

I¼ Isexp

�
qðV � IRsÞ

nkT

��
1� exp

�
qðV � IRsÞ

nkT

��
(2)

where k is the Boltzmann constant, T is the temperature in

Kelvin, V is applied voltage, Rs due to the bulk and contact

resistance and n is called ideal factor. Is is the saturation

current given by:

Is ¼A*AT2exp

��qDEc

kT

�
(3)
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where q is the electron charge, A*, A, and D Ec are the

effective Richardson constant, the area of the rectifier con-

tact, and the conduction band offset, respectively. The plots

of the ln (Is/T
2) versus 1/(kT) characteristics for p-InP/i-

InGaAs/n-InP photodiode in the temperature range from

140 K to 320 K under a forward voltage of 1 V are shown in

Fig. 2(c). It can be seen that D Ec values show an unusual

behavior that increases with increasing temperature. The

variation of band offset splitting is the most important cause

of the difference between two material systems in handling

optical power. This is because band-offset energy determines

the escape times of the charge carrier. According to admit-

tance spectroscopy and photoluminescence, excitation

spectroscopy, the D Ec for the InGaAs/InP heterostructure is

about 0.4 Eg [25] with an energy band gap of In0.53Ga0.47As of

0.75 eV. However, the maximum fit to the D Ec data according

to equation (3) yields the values of D Ec ¼ 104 meV to be

consistent with Fig. 2(b), which is lower than 0.4 Eg. These

low conduction band offset values cause electrons easily

overflow from the photodetector, which increases the

leakage current and degrades the optical characteristics. The

extracted ideal factor of the device at the different temper-

atures is presented in Fig. 2(d). It is worth noting that at

220 K, the gradient of the ideal factor changes with the

temperature gradient and the ideal factor gradually reduces

with increasing temperature. At 320 K, the ideal factor

exposes the value of about 1.7 eV, which is nearly close to an

ideal diode (n ¼ 1).

A better explanation of the origin of the dark current in the

photodiode requires the identification of the defects by CeV

and DLTS measurements. The CeV measurements are

widely used to evaluate an arbitrary impurity distribution. The

carrier concentration at the edge of the depletion region is

expressed as:
Fig. 3 e (a) The capacitance e voltage characteristics of p-InP/i-I

the carrier profiles extracted from the result of the CeV measur

under the reverse bias.
NðWÞ¼ 2 66 1� �. 77 (4)

qεs

2
4
d 1

C2 dV

3
5

where εs the dielectric constant of InP, and W is the depletion

width that is extracted from CeV measurement:

W¼ C
εs

(5)

The carrier profile extracted from the result of the CeV

measurement of the InP/InGaAs/InP photodetectors, which

was used to find the bias condition for the DLTS measure-

ments, is shown in Fig. 3(a) with the CeV curve inset. The

estimated carrier concentration is about 2 � 1016 cm�3 and

increases slightly with increasing the depletion width of the

junction of p-InP/InGaAs transition. This result is higher than

the carrier concentration of the p-InGaAs layer which was

measured by Hall. The possible reason could be the diffusion

of Zn into the InP layer, which leads to the enhancement of

carrier concentration. To clearly see the junction width of the

PIN photodiode, we show a diagram of this device in the upper

part of Fig. 3(b). The upper diagram shows the dimensions and

composition of the PIN diode under the reverse bias, where

the width of the intrinsic region is W. Under reverse bias, the

depletion region was imposed, the total width of the depleted

region isWD, and its fraction in the p-region and n-region is xp

and xn, respectively. The value of WD extracted from W and

the carrier concentration of InP in the p-region and n-region

are as follows:

WD ¼
�
2εsðNa þNdÞðVbi � VÞ

qNaNd
þW2

�1=2
(6)

here Na and Nd are the acceptor and donor doping concen-

tration, respectively; Vbi is the built-in voltage which was
nGaAs/n-InP heterostructure measured at 300 K as well as

ements, (b) the dimensions and composition of PIN diode
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estimated from CeV measurement as illustrated in Fig. S1,

and V is the applied bias voltage. Also, xn and xp strongly

depend on Na and Nd as:

xn ¼NaðWD �WÞ
Na þNd

(7)

xp ¼WD �W � xn (8)

The value of WD, xn, xp calculated from eqs. (6)e(8) and the

reverse bias voltage of �1.5 V are 2845, 0.34, 48.55 nm,

respectively. Basing on these values, the position of the

defects in p-InP/i-InGaAs/n-InP device can be figured out.

Figure 4(a) and (b) display the DLTS spectra for p-InP/i-

InGaAs/n-InP PIN photodiode in the temperature range from

100 to 330 K, emission rate of 0.92 Hz, and applied filling pulse

width of 20 ms. In Fig. 3(a), the pulsed bias Vp and the reverse

bias or measurement voltage Vm were set to 0 and - 1.5 V,

respectively. A broadenedDLTS peakwas observed,which can

be deconvoluted into two distinct peaks H1 and H2 at tem-

perature of 300 and 313 K, respectively. However, when Vp and

Vm were changed to 0.5 and 0 V, respectively, the intensity of
Fig. 4 e (a) DLTS spectra of the heterostructure InP/InGaAs/InP

-1.5 V, respectively, (b) DLTS spectra with the pulse and measu

(c) Arrhenius plots of the deep traps H1, H2, and E1, and (d) IeV
the two hole peaks H1 and H2 reduced significantly, while,

interestingly, a new electron peak E1 appeared. The possible

reason for this, as described above, is that under the reverse

bias, the depletion width xp is much higher than xn, so the

source of the two defects H1 and H2 could be originated from

the depletion region of the p-InP layer or in the interface state

between the p-InP and i-InGaAs layer. The most critical pro-

cesses are the Zn diffusion through the deposited layers.

During the Zinc diffusion, some defects can be formed, which

behave like holes trap. This hypothesis, the traps could be

concerned with a Znerelated complex in which the point

defects due to dislocation movement can be created during

diffusion. The stress induced by Zn diffusion at the interface

may lead to generate deformation of the InGaAs epilayer and

cause lattice mismatch. When the Vp increases to 0.5 V, the

depletion region becomes narrower down and the observed

electron trap E1 could be attributed to the point defect in

InGaAs. To better understand the properties of these defects,

the activation energy (Ea), capture cross-section ðsnÞ, and trap

density (NT) were estimated by plotting the Arrhenius plot

(Fig. 4(c)). The activation energy and capture cross-section of
photodiode with the pulse and measure voltages are 0 and

re voltages are 0 and -1.5 V; 0.5 and 0, respectively,

(logelog plot) for the calculation of trap density.

https://doi.org/10.1016/j.jmrt.2022.06.028
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these defect states were extracted from a linear fitting of ln

(en/T
2) versus 1000/T:

ln

�
en
T2

�
¼ ln

 ffiffiffi
6

p
p1:5k2m*

hsn

h3

!
þ
��DEa

1000k

�
1000
T

(9)

where en is the emission rate, T is the absolute temperature, k

Boltzmann's constant, m* is electron effective mass or hole

effective mass, and h is Plank's constant.

Base on the carrier concentrations (ND) extracted fromCeV

data and DLTS measurement, trap concentrations can be

evaluated as follows:

NT ¼2ND
DCðtÞ
Cð∞Þ (10)

From the calculations, the two-hole traps H1 and H2 are

located at about 0.43 and 0.57 eV above the valence band (Ev)

with sn of 8.60 � 10�18 and 3.11 � 10�16 cm2, respectively.
Fig. 5 e (a) Currentevoltage characteristics for sample A and B w

transport mechanism in p-InP/i-InGaAs/n-InP photodiode.
Electron trap E1 is positioned at 0.28 eV below the conduction

band and traps a cross-section of 1.14 � 10�12 cm2. The low

cross-section of H1 and H2 indicates that these two defects are

point defects in the p-InP layer, while the higher cross-section

value of E3 may be caused by the dislocation defect in the

InGaAs layer. The values of activation energy in the samples

were very similar to the defects (H1 and H2) measured by Du.

et al. [26]. The H2 defect is the dominant defect with a defect

density of about 1.38� 1013 cm�3.Meanwhile, theH1 trapwith a

relatively low DLTS signal has a concentration of 8.0 � 1012.

These low trap densities are comparable to the InP/InGaAs/InP

heterostructures grown by MOCVD mentioned in a previous

publication [16]. Considering it,we suggest that the InP/InGaAs/

InP heterostructures grownbyMBE offermore advantages than

those grown byMOCVD in the fabrication of high-performance

infrared photodetectors. Another effective method for calcu-

lating the defect concentration in a device is space-charge
ith and without illumination of 1070 nm-LED and (b) carrier

https://doi.org/10.1016/j.jmrt.2022.06.028
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limited current (SCLC) technology. The trap density nt is

extracted from the trap-filled limited voltage VTFL as follows:

nt ¼ 2εε0:VTFL	
eL2

 (11)

ε¼Cg:L

ε0A
(12)

Herein ε is dielectric constant, ε0 is vacuum permittivity,

elementary charge e, thickness of the InP layer, geometrical

capacitance of the perovskite layer Cg, and active area A. The

trap-filled limit voltage VTFL of sample displayed in Fig. 4(c) is

0.378 V with corresponding extracted trap density is about

4� 1013 cm�3, and it is almost consistent with the total density

of defects estimated by DLTS.

To confirm the optoelectronic properties of the devices, we

performed IeV measurements in the dark and LED illumina-

tion (l¼ 1070 nm) as shown in Fig. 5(a). The ratio of photo/dark

current in sample B at a reverse voltage of 1 V is 13.9, indi-

cating that this photodiode detects well under infrared illu-

mination. The mechanism of this detection process and the

carrier transport of the p-InP/i-InGaAs/n-InP diode are pre-

sented in Fig. 5(b). Process (1) illustrates the electronehole

generation the recombination process when light is illumi-

nated and turned off. The presence of defects in the device

would trap the generated holes when the device absorbs the

light, resulting in degradation of the photocurrent. In addition,

these defects could also trap the recombination carriers when

the light was turned off, that leads to a slowdown of the

response speed. Therefore, well-control defects in the p-InP/i-

InGaAs/n-InP diode play an important role in improving the

performance of this device. With a bias voltage of �1 V, at

300 K (room temperature), the calculated conduction band

offset ðDEcÞ of the sample is 0.56 V. The low values of con-

duction band offset cause electrons to easily overflow from

the photodetector, which increases the leakage current and

degrades the optical characteristics. As reported by Zhiwei

et al., the interface defects bring more extra valence band

energy (or a decrease in conduction band energy) which can

increase the recombination rate, leading to an increase in dark

current [27]. Therefore, the optimization of the thickness of

the p-InP layer also plays a significant role in the fabrication of

InP/InGaAs/InP heterostructures and the production of the

promising photodiodes.
4. Conclusions

In conclusion, we fabricated the p-InP/i-InGaAs/n-InP photo-

diode by MBE. The defect state in photodiode is conducted by

DLTS and SCLS method, and two hole traps with activation

energy of EV þ 0.43 and EV þ 0.56 eV were observed in p-InP

layer. Zn diffusion was attributed to the existence of these

hole traps in the device. Besides, one electron trap E1 was

detected, which could be originated from InGaAs layer or p-

InP/i-InGaAs interface. The temperature depended IeV curves

demonstrated that the leakage current could be attributed to

electrons can easily scatter into the state Ea ¼ 90 meV by

thermionic emission. It is summarized that the excess of
defects in p-InP/i-InGaAs/n-InP could degrade the quality of

device, so well studying the carrier transportation and the

defect states in device are helpful to optimize the photodiode's
performance.
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