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Abstract: In the planar-type InGaAs photodetector (PD) structure, a diffusion barrier has the effect
of modifying the zinc diffusion profile in the interface between the cap and the absorption layer to
improve device performance. In this work, an n-type Ing g3Gag 17As diffusion barrier layer (DBL) is
employed between the Ing g3Alg 17As cap layer and the low-doped Ing g3Gag 17As absorption layer of
a lattice-mismatched metamorphic Ing g3Gag 17As PD. The device performance of the Ing g3Gag 17As
PDs in terms of dark current, quantum efficiency, and capacitance were simulated and compared to
experimental results. The effects of the thickness and doping concentration of the DBL on PD perfor-
mance were analyzed and shown to be optimized at both 300 K and 200 K. Based on the simulation
results, the electron concentration of the DBL is recommended to be 3 x 10165 x 1016 cm—3 and a
thickness of 0.1 um is suggested.

Keywords: diffusion barrier layer; metamorphic Ing g3Gag 17As photodetector; latticed-mismatched;
dark current

1. Introduction

InP-based InGaAs alloys are characterized by their elevated absorption coefficients,
enhanced electron mobility, superior physicochemical stability, and robust resistance to
radiation exposure. The photodetectors (PDs) fabricated using these alloys exhibit a range
of advantageous properties, including elevated operational temperatures, heightened
quantum efficiency, and augmented sensitivity [1-3]. These attributes render them a
significant option for applications in short-wave infrared (SWIR) detection. In near-wave
infrared (NWIR) detection, the design and fabrication of high performance InGaAs PDs
has been previously reported [4]. High-indium (In) In,Gaj_xAs (x > 0.53) PDs covering
the longer part of the SWIR wavelength (1.7-3 um) range have attracted much attention in
remote sensing, including in applications such as Earth resource observation, environmental
monitoring, and night vision [5-9]. InGaAs PDs are favored due to their high sensitivity,
rapid response time, and superior performance in the near-infrared region. One of the
crucial concerns with InGaAs-based SWIR PDs is the lattice mismatch between the high-In
InGaAs absorption layer and the InP substrate. For metamorphic InGaAs PDs, InGaAs
with In content of 0.85 grown on GaAs substrates using an interfacial misfit array-based
simple buffer has been previously reported [10]. The lattice mismatch rises up to about
2.5% for the InGaAs with In content of 0.83. The deterioration in material quality caused
by lattice mismatch constrains enhancements in device performance. To improve PD
performance, various kinds of buffer structures [11-13] are used to mitigate the effects of
lattice mismatch. Additionally, electron barriers such as AlGaAsSb [14] and superlattice
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structures within the absorption layer [15] have also been reported. Moreover, the material
structure of the infrared detector is adjusted by inserting layers for mid-wave infrared
(MWIR) detection. High-performance InAsg 91Sbg g9 detectors decrease the dark current
with the introduction of the AlAs;_Sby graded barrier layer [16]. Further, nBn InAs/GaSb
type-II superlattice PDs with a stepped absorber have been proposed to enhance the
extraction of photogenerated carriers from the active layers [17]. The structural designs
have been proven to be effective in improving PD performance.

For planar InGaAs PDs, the depth of the p-n junction in the InGaAs absorption
layer is a critical parameter determining device performance, which usually involves a
zinc diffusion process at the interface between the cap and absorption layers. Junction
depth could be controlled by fine-tuning the diffusion temperature and time in the zinc
diffusion process [18]. A highly doped diffusion barrier structure has been reported recently
for lattice-matched Ing 53Gag 47As/InP PDs and was experimentally proved to effectively
reduce the diffusion depth into the Ing 53Gag 47As absorption layer [19]. PD performance
with the diffusion barrier layer (DBL) has been analyzed; however, the thickness and the
doping concentration of the DBL are fixed in the experiments and may not be applicable for
lattice-mismatched Ing g3Gag 17As/InP PDs. The latticed-mismatched Ing g3Gag 17As/InP
PD is observed to have a faster diffusion rate due to higher defect density, and the control
of zinc diffusion is much more difficult [20]. An ideal zinc diffusion involves accurately
placing the p/n interface at the hetero-structural interface between the cap layer and
InGaAs absorption layer. The DBL is more required in the lattice-mismatched metamorphic
InGaAs PD to induce a diffusion barrier with a lower diffusion rate at the interface, while
a DBL with higher doping density could affect device performance and would need to
be optimized.

In this work, the DBL structure is applied and optimized in lattice-mismatched
metamorphic Ing g3Gag 17As/Ing g3 Alg 17As/InP PDs. The DBL is an n-type Ing g3Gag 17As
ternary alloy with the same In content as the Ing g3Gag 17As absorption layer but a higher
doping concentration. Itis placed between the Ing g3Alg 17As cap layer and the Ing g3Gag 17As
absorption layer. The performance of the PD with the DBL is investigated at 300 K and
200 K through simulation. The thickness of the DBL is varied between 0 and 0.5 pm and the
doping concentration between 1 x 10'® and 1 x 10!” cm 3. Their effects on the dark current,
quantum efficiency, and capacitance of the PD with the DBL are analyzed and compared to
the PD without the DBL. The energy band diagram and the depletion region of the DBL
structure are analyzed to provide explanations of the effect of the DBL. Lastly, optimal DBL
thickness and doping concentration are provided based on the simulation results.

2. Materials and Methods

The PD with a DBL that was used for simulation is shown in Figure 1, and the
corresponding material parameters for each layer are shown in Table 1.

Table 1. Material parameters of the simulated PD structure with the DBL.

Layer Layer Thickness (um) Doping Concentration (cm3)
n-Ing g3Alg 17As cap layer 0.6 3 x 1016
n-Ing g3Gag 17As DBL 0~0.5 (0.1~1) x 10
n-Ing g3Gag 17As absorption layer 2.5 5 x 1015
n-InAlAs buffer layer 2.38 6.6 x 10V

InP substrate 350 Semi-insulated
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Figure 1. The simulated Ing g3Gag 17As/InP PD structure with the DBL between the absorption layer
and the cap layer.

The simulated PD with the DBL consists of a 350 um thick semi-insulated InP substrate,
a 2.38 um thick n-type (6.6 x 10" em—3) InyAly_yAs (y increases from 0.52 to 0.83) buffer
layer, a slightly doped (5 x 10" ecm—3) n-type Ing g3Gag 17As absorption layer, an n-type
Ing g3Gag17As DBL, and a 0.6 pm thick n-type (3 x 106 em—3) Ingg3Aly17As cap layer.
A p-type doping well (2 x 10'8 cm~3) in the InAlAs cap layer is considered in the simulation
and the size of the simulated PD structure is 20 um x 20 um. In addition to the simulation,
an Ing g3Gag 17As PD reference sample is demonstrated in experiments and compared to
the simulation. The sample is the PD structure without the DBL, while the other layers are
consistent with the simulated structure.

To investigate the performance of the PD with the DBL, the Atlas semiconductor
modeling tools provided by Silvaco TCAD are adopted in the simulation. In the simu-
lation, Shockley—Read-Hall (SRH), radiative, and Auger recombination mechanisms are
included, which determine minority carrier lifetimes and affect dark current and photocur-
rent. The SRH lifetime of Ing g3Gag 17As is set as 2 x 1077 s at the doping concentration of
5 x 10" at 300 K and decreased at higher doping concentrations and lower temperatures
according to Ref. [21]. The radiative and Auger recombination coefficients of Ing g3Gag 17As
are taken to be 1.43 x 1071 cm3/s and 7 x 107% cm®/s, respectively [22]. The mate-
rial parameters for InP, Ing g3Gag 17As, and Ing g3Alg 17As in the simulation are shown in
Table 2 [23-27]. The material parameters for InP are assumed to be default in the Atlas
module. Regarding the simulation, the absorption coefficients of Ing g3Gag 17As at 300 K are
shown in Table 3 [21]. At 200 K, the absorption spectrum is blue-shifted and the intensity
is slightly decreased [21]. The absorption coefficients of InAlAs are taken from Ref. [28].
The electron and hole mobilities are also considered to be concentration-dependent and
temperature-dependent. The thicknesses of the DBL in the simulation are taken to be 0.05,
0.1, 0.2,0.3, 0.4, and 0.5 um and the doping concentration was set as 1 x 1016, 3 x 1016,
5 % 1016, 8 x 101, and 1 x 1017 cm—3. The thickness and concentration of the DBL on the
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energy band diagram, the dark current, the quantum efficiency, and the capacitance of the
PD were simulated and analyzed.

Table 2. Material parameters used for the simulation (300 K).

Material Parameters InP [23] Ino.ﬁf_azo;]yAs Ingg3Alg17As
Bandgap (eV) 1.34 0.48 0.79
Electron density of states (em™3) 5.66 x 10V 1.20 x 1017 2.61 x 10Y7
Hole density of states (cm~3) 2.03 x 107 6.99 x 1018 1.14 x 10°
Electron mobility (cm?2/Vs) 4600 8000 3000
Hole mobility (cm?/Vs) 150 112 100
SRH lifetime electron (s) 1x10°8 2x 1077 1x 1078
SRH lifetime hole (s) 1x1078 2x 1077 1x 1078
Permittivity 125 14.63 13.96

Table 3. The absorption coefficients at specific photo energies of Ing g3Gag 17As (300 K) [21].

hv (eV) 047 0.48 0.49 0.53 0.55 0.6 0.7 0.8
o (103 em™1) 0.6 2.3 3.75 6.15 7 8.98 124 16.8
3. Results
3.1. The Energy Band Diagram
The energy band diagrams as a function of the thickness and the doping concentration
of the DBL layer at the reverse bias of 0 V are shown in Figure 2.
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Figure 2. The energy band diagram as a function of (a) doping concentration (1 x 1016, 3 x 1016,
5 x 101, 8 x 1016, and 1 x 10 cm~3) and (b) the thickness (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 pm) of the
DBL at a biased voltage of 0 V. The inset shows the energy band diagram without the DBL at 0 V.

It can be seen that the DBL layer has a higher doping concentration than the absorption
layer, forming a well shape between the InAlAs cap layer and the InGaAs absorption layer,
which has the effect of accumulating carriers and impeding the transportation of carriers.
With the increase in doping concentration from 1 x 10'® to 1 x 10 cm~3, the energy-
band well gets deeper, as shown in Figure 2a. When DBL thickness is more than 0.1 um,
the well shape is also observed in Figure 2b. The band offsets between the DBL and the
InGaAs absorption layer are marked in the figure. The band offsets for both the conduction
and valence bands are the same at the InGaAs homojunction. In Figure 2a, the offset
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increases with doping concentration and reaches 76 meV at the doping concentration of
1 x 10~7 cm~3. In Figure 2b, the offset is maintained at 54 meV at DBL thicknesses beyond
0.1 pm. The conduction band offset can block minority electrons from the DBL moving to
the InGaAs absorption layer, which has the advantage of reducing dark current, while the
valence band offset can block the transportation of photo-generated holes from the InGaAs
absorption layer, which has the disadvantage of decreasing quantum efficiency. From the
band diagram, it is seen that the DBL could affect PD performance. Its thickness and doping
concentration need to be carefully considered in the simulation. Thus, in the following
sections we investigate the effect of the DBL on the dark current, quantum efficiency, and
capacitance of PDs.

3.2. Dark Current Density

The dark current is an important characteristic parameter of a PD, which is usually
correlated with material quality, carrier lifetime, and the carrier transportation of the device.
Therefore, we simulated the influence of the DBL on the dark current at 300 K and 200 K.

Figure 3 shows the simulated temperature-dependent dark current density—voltage
(J-V) curves for the PD structure with a 0.1 um thick DBL doped at 5 x 106 em—3 at 300 K
and 200 K. Additionally, the measured J-V curve of the InGaAs PD reference sample with-
out the DBL is also plotted in Figure 3. At the reverse bias of —10 mV, the simulated dark
current density values of the PD structure without the DBL and the PD with a 0.1 um
thick 5 x 10'® cm~3 DBL structure are about 1.43 x 10~* A/cm? and 1.15 x 10~* A/cm?
at 300 K, respectively, while at 200 K, the values are about 4.01 x 107 A/cm? and
2.52 x 10~7 A/cm?, respectively. The measured dark current density of the PD without
the DBL is 4.84 x 10~* A/cm? at —10 mV at 300 K and 3.49 x 107 A/cm? at —10 mV at
200 K in the experiments. It can be also seen that the simulated curve of the dark current
density of the reference sample is only a little bit lower than the measured one at 300 K.
The difference may be due to the surface dark current, which is not taken into account
in the simulation. At 200 K, the measured curve almost overlaps with the simulated one,
indicating a high degree of accuracy in our simulation parameters and models.
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Figure 3. Simulated dark current density as a function of reversed bias for the PD with a 0.1 um thick

5 x 106 cm 3 DBL at 300 K and 200 K. The simulated and measured dark current densities for the
PD without the DBL are also shown for comparison.
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For the Ingg3Gag 17As PDs, the dark current is composed of two main components:
the diffusion current I;¢ and the generation—recombination current Ig;. The energy bandgap
Eg of Ingg3Gag 17As is around 0.48 eV at 300 K, and the theoretical activation energy E,
for Igi¢r and Igr have been determined to be Eg and Eg/2, respectively [29,30]. Therefore,
we can calculate the theoretical E; value to determine the dominant dark current at dif-
ferent temperature ranges by using the relationship of | « exp(—Ea/kT), where ] is the
dark current density, E, is the activation energy, k is the Boltzmanm constant, and T is
the temperature.

Figure 4 shows the Arrhenius plots of the temperature-dependent dark currents
at —10 mV for PDs with DBLs of different thicknesses at the doping concentration of
5 x 10'® cm~3. Thermal activation energy E, is obtained by linearly fitting the simu-
lated data in Figure 4. The fitted E, values are all close to 0.50 eV in the temperature
range of 260-300 K, represented as E; in the figure, which is close to the Ingg3Gag17As
bandgap of 0.48 eV, indicating a diffusion-dominant behavior in the temperature range
of 260-300 K. On the other hand, the fitted E, values are all close to 0.26 eV in the tem-
perature range of 200-240 K, as represented by E, in the figure. This indicates that the
generation-recombination current is the dominant dark current for this lower temperature
range. Compared to the PD without the DBL, the dominant dark currents stay the same with
the introduction of the DBL in the PD for the temperature range between 200 and 300 K.

107
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é* 107
Q
o
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g 10 ® 005um 046  0.26
5 ® 0lum 048 027
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a 04um 050 026
0.5um 0.50 0.26
Oum 046 026
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32 34 36 38 40 42 44 46 48 50 5.2
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Figure 4. Dark current density as a function of 1000/ T at —10 mV for the PD with the 5 x 1016 cm~3

DBL of different thicknesses. E; (260-300 K) and E; (200240 K) represent the activation energies of
the two temperature ranges.

The effects of the DBL on dark current density at 300 K and 200 K are shown in Figure 5.
In general, dark current density decreases with increases in the thickness of the DBL, partly
due to the well shape in the energy band diagram illustrated in Figure 2. At 0.05 and 0.1 pum,
where the band offset is very small, the dark current density slightly decreases. By further
increasing the thickness and doping concentration of the DBL, the band offset increases and
the dark current density starts to decrease. Furthermore, with the doping concentration
increase from 1 x 10'® to 3 x 10'® cm~3, the dark current density decreases rapidly due
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to smaller depletion width and an almost unchanged minority carrier lifetime that is
dominated by SRH recombination at this doping range. With the doping concentration
further increased to 1 x 1017 cm—3, the downward trend becomes small and even reversed
at the doping concentration of 8 x 10'® at 200 K due to the shortened minority carrier
lifetime. At medium and high doping ranges, the minority carrier lifetimes are dominated
by radiative and Auger recombinations, which are inversely proportional to the doping
concentration and the square of the doping concentration, respectively [31]. When the
thickness of the DBL is 0.05 um, dark current density rarely decreases. From the perspective
of the dark current, we suggest the doping concentration of the DBL should be between
3 x 10 and 8 x 10'® cm 3 with the thicknesses between 0.1 and 0.5 pum.
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Figure 5. Dark current density as a function of doping concentration for different thicknesses of
DBL at (a) 300 K and (b) 200 K. The dark current density of the PD structure without the DBL is also
plotted for comparison.

3.3. Quantum Efficiency

Another important parameter of a PD is quantum efficiency. The effect of the DBL on
quantum efficiency was also investigated through simulation. Optical light was illuminated
from the back of the PD with a power density of 1 W/cm?. The doping concentration of
the DBL was fixed at 5 x 101 cm 2 and its thickness varied between 0.05 and 0.5 pm.

The quantum efficiencies of the PD without the DBL and the PD with the DBL at 300 K
and 200 K under zero bias are presented in Figure 6. For the typical Ing g3Gag 17As PD
without the DBL, the simulated peaks of the quantum efficiencies were found to be 69.6%
at 2.5 um at 300 K and 62.0% at 2.5 um at 200 K. In Ref. [32], 1280 x 1024 focal plane arrays
for typical Ingg3Gag 17As PDs were measured on a 40 x 40 backside-illuminated array
by adopting a Fourier transform infrared method at 180 K, and the peak of the quantum
efficiency was recorded as 69% at 2.2 um [32]. The simulated results are slightly different
from the experimental one, perhaps due to the different hole lifetimes and mobilities used
in the simulation. However, the difference is within an acceptable range.
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Figure 6. The simulated quantum efficiency of the Ing g3Gag 17As/InP PD with the DBL doped at
5 x 101 cm ™3 at (a) 300 K and (b) 200 K.

As seen from Figure 6, the quantum efficiency is lower for the PD with the DBL than
for the PD without the DBL at both temperatures. Quantum efficiency also decreases with
increasing DBL thickness and doping concentration, as shown in Figure 7. The lowered
quantum efficiency could be attributed to three reasons. Firstly, as illustrated in the band
diagram of Figure 2, the DBL introduces an unfavorable impediment for hole collection,
leading to a decrease in quantum efficiency. Secondly, the higher-doped DBL also results in
a reduction in the width of the depletion region, consequently diminishing the capacity
to collect photogenerated carriers. In Figure 8, the electron and doping concentrations at
various diffusion barrier thicknesses under zero bias at 300 K are shown, which can be used
to determine the width of the depletion region. In the depletion region, the impurities are
ionized and become completely ionized when the electron concentration coincides with
the doping concentration. The depletion regions in the Inj g3Gag 17As layers are illustrated
by the blue areas in the figure. It is shown in the figure that the width of the depletion
region decreased from 0.5 to 0.18 um when the DBL increased from 0.05 to 0.2 pm. When
the DBL is further increased from 0.2 to 0.5 um, the width of the depletion region remains
unchanged at 0.18 um.
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Figure 7. The influence of thickness and the doping concentration of the DBL on quantum efficiency
at (a) 300 K and (b) 200 K.
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Figure 8. Electron and doping concentrations for the PD with different thicknesses of DBL at the
doping concentration of 5 x 10'® cm =3 under zero bias at 300 K. The blue area represents the depletion
region in the DBL and the Ing g3Gag 17As absorption layer. The widths of the depletion region and the
thicknesses of the DBL are marked on each of the figure (a—f).

Furthermore, as the doping concentration of the DBL increases, the minority carrier
lifetime (7,) experiences a notable reduction [21]. The reduced 7, value could result in

diminished diffusion length according to the relationship of Lp = (DpTy,) 12 \where L pis
the diffusion length and Dp is the diffusion coefficient. The decrease in quantum efficiency
as well as diffusion length is more noticeable at the lower temperature of 200 K [31].

Based on the above analysis, a thick and highly doped DBL could result in very low
quantum efficiency. From the perspective of quantum efficiency, we suggest the doping
concentrations of the DBL be between 1 x 10'® and 8 x 10'® cm 2 and that the thickness be
between 0.05 and 0.1 um.

3.4. Capacitance

An increase in capacitance can be a limiting factor for applications requiring rapid
response and high bandwidth. As shown above, inclusion of the DBL alters the width of
the depletion region, ultimately impacting the capacitance of the device [33]. Thus, it is nec-
essary to investigate the effect of the DBL on the capacitance of the PD through simulation.

As illustrated in Figure 9, the reverse bias-dependent capacitances of the PD with
the DBL at 300 K were simulated. The thickness of the DBL was changed while the
concentration was fixed at 5 x 10'® cm~3. The simulated capacitance of the PD with-
out the DBL at 300 K is also shown in the figure, and its value is 42.3 nF/cm? at zero
bias. In Ref. [34], the measured capacitance at 0 V bias in the experimental structure was
99.2 nF/cm? and 106.7 nF/cm? for Ing gGagAs absorption layers doped at 3 x 101 cm 3
and 1 x 107 cm~3, respectively [34]. The simulated value is in the same order of magnitude
as the measured ones.
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Figure 9. The capacitance Cq as a function of the reversed bias for different thicknesses of DBL
at the doping concentration of 5 x 10'® cm~3 at 300 K. The inset shows an enlarged view of the
overlapped curves.

Additionally, all the curves in Figure 9 show a decreasing trend with increased reversed
bias, though at a slower rate when reversed bias is further increased, likely related to the
change in depletion width. The capacitance also becomes bigger as the thickness of the
DBL increases. The increase in capacitance is most significant when the thickness of the
DBL changes from 0.1 to 0.2 um, corresponding to the decrease in depletion width from
0.41 to 0.18 um in the absorption layer, as shown in Figure 8. Beyond that, capacitance only
exhibits a small increase because the depletion width is maintained at 0.18 pm, as shown in
Figure 8.

Besides thickness, the doping concentration of the DBL also has an effect on capaci-
tance. The capacitance Cg4 is described by the following equations:

Ci=— 1)

2¢(V;, + V)]% o

qNa

In the equations, ¢ is the permittivity of InGaAs, W is the depletion width, A is the
area of contact between the depletion region of the N- and P- zones, V is the bias voltage,
W is built-in voltage, and Nj is the doping concentration of N- zones. Thus, increasing the
doping concentration Ny in the N- zones will also shorten the depletion width and increase
the capacitance. Figure 10 displays the capacitances at different doping concentrations with
a 0.1 pm thick DBL in the PD at 300 K and 200 K. Notably, when the doping concentration
exceeds 5 x 10'® cm~3, there is a significant surge in capacitance at both temperatures.
Given the behavior of the capacitance, we suggest that the DBL remains below 0.1 pm and
that the doping concentrations be between 1 x 10'® and 5 x 10'® cm 3.

|
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Figure 10. The capacitance Cq as a function of the reversed bias at different doping concentrations for
the 0.1 um thick DBL at (a) 300 K and (b) 200 K.

Considering dark current, quantum efficiency, and capacitance, the concentration of
the DBL is best between 3 x 10'® and 5 x 10'® cm ™3 at a thickness of 0.1 um. With the
DBL, the dark current is slightly reduced and the capacitance increased a little bit, the same
tendency as observed in lattice-matched InGaAs/InP PDs with DBLs [19,35], indicating
the validity of our simulation. Experiments will be further conducted with the optimized
DBL thickness and doping concentration.

4. Conclusions

In this paper, a low-doped lattice-mismatched metamorphic Ing g3Gag 17As/InP PD
with an n-type Ingg3Gag17As DBL was simulated using Silvaco TCAD. The simulated
results of the PD without the DBL were compared to experimental measurements to
confirm the validity of the simulation process. The I-V, quantum efficiency, and C-V
characteristics of the PDs with various thicknesses and doping concentrations of DBL
were investigated at the temperatures of 300 K and 200 K. Our analysis reveals that the
introduction of the DBL modifies the energy band diagram, reduces the depletion width,
and thus impacts PD performance. The dark current generally becomes smaller with
thicker DBLs, though at a rate that decrease more slowly for high doping concentrations.
Quantum efficiency decreased significantly when the thickness of the DBL exceeded 0.1 um
and when doping concentration was higher than 8 x 10!® cm~3. Regarding capacitance,
a minimal increase was observed when the thickness of the DBL was less than 0.1 um
and when doping was below 5 x 10'® cm~3. Therefore, considering all these factors, for
better PD performance, it is preferred that the concentration of the DBL be between 3 x 10
and 5 x 10'® cm~3 and that the thickness be 0.1 um. The optimal thickness and doping
concentration as indicated by the simulation results could help towards improvements in
lattice-mismatched metamorphic Ing g3Gag 17As PDs with a planar configuration.
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