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The effects of absorber structure–controlled by adjusting the thickness ratio of doped and undoped 
InGaAs layers–and metal-semiconductor interface treatment methods were investigated in 
waveguide-type UTC-PDs. Ultraviolet-ozone (UVO) and ammonia solution cleaning of the InGaAs 
surface improved the interface quality in terms of contact resistivity and bias-temperature stability. 
Nevertheless, devices cleaned using buffered oxide etchant (BOE) exhibited higher photoresponsivity 
and superior frequency characteristics. This phenomenon is attributed to the reduction of dark current 
(IDark) caused by the residual interfacial oxide layer at the metal/InGaAs interface. In contrast, the 
influence of absorber structure variation was negligible. These results demonstrate that the interface 
condition plays a more dominant role than absorber modification in determining device performance. 
Therefore, optimizing the interface condition while maintaining a high-quality oxide layer is essential 
for further enhancing UTC-PD performance.

The performance of microwave and millimeter-wave photonic systems strongly depends on photodiodes (PDs) 
with high saturation power, wide bandwidth, and high responsivity1. PDs are essential components in radio-
over-fiber links, phased-array antennas, and the photonic generation of terahertz (THz) signals2–4. However, 
the output linearity and frequency response of PDs are often limited by the space-charge effect, which originates 
from the spatial distribution of photo-generated carriers within the depletion region. The accumulated charge 
screens the internal electric field and reduces carrier transport efficiency, which can lead to current saturation 
and gain compression under high optical input power5,6. Furthermore, the space-charge effect, in conjunction 
with the intrinsic trade-off between optical absorption and carrier transit time in conventional p-i-n PDs, 
severely restricts both bandwidth and power handling capabilities. To simultaneously achieve high power and 
high bandwidth, the uni-traveling-carrier photodiodes (UTC-PD) structure was proposed in 19977. The UTC-
PD selectively uses electron transport in a p-type InGaAs absorber, where electrons are generated as minority 
carriers, while excluding the slower hole transport. In this structure, a wide-bandgap InP electron collection 
layer (collector) and a diffusion-barrier layer enable unidirectional electron transport toward the collector, 
maintaining charge neutrality through background holes in the absorber8. With electrons traveling ballistically 
at high velocity in the depleted collector and with suppression of the space-charge effect, the UTC-PD achieves 
high linearity, high saturation output power, and wide bandwidth9.

Recent studies have focused on further improving the efficiency of UTC-PDs to enhance RF output power 
while maintaining high bandwidth; thus, modified UTC-PD structures incorporating an undoped absorber 
layer have been investigated10–13. On the other hand, for conventional PDs, efforts to achieve higher frequency 
performance and lower dark current have led to evaluations of the effects of the metal-semiconductor interfacial 
oxide layer and interface treatment methods for passivation14,15. Similarly, in the field of photovoltaics, it has 
been demonstrated that minimizing interfacial defect states through effective surface treatment is essential for 
suppressing carrier recombination and improving device efficiency16. However, the combined effects of absorber 
structure and interface treatment on UTC-PD characteristics have not been systematically investigated.
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In this study, we investigate the influence of the absorber configuration—controlled by the thickness ratio 
of doped and undoped InGaAs layers—and the metal-semiconductor interface cleaning methods on the 
DC, reliability, photocurrent, and frequency performance of UTC-PDs. The UVO cleaning method was used 
to improve the quality of metal-semiconductor interface by restoring the stoichiometric composition17,18. In 
addition, a waveguide structure was employed to achieve a more uniform optical-power distribution in the 
absorber through light incidence via evanescent-coupling effect19–22. The experimental results reveal that the 
interface condition plays a more dominant role than absorber modification in determining the dark current, 
photoresponsivity, and overall device reliability. This finding highlights the critical importance of developing 
optimized interfacial oxides and surface-cleaning processes for achieving superior UTC-PD performance.

Fabrications
The epitaxial layer structures for UTC-PDs were grown on 2-inch InP substrates and consisted of a 1.15 μm 
InP/InGaAsP/InP waveguide layer, a 250 nm InGaAsP matching layer, a 120 nm n+-InP n-contact layer, a 155 
nm InP collector, a 90 nm InGaAs absorber layer, a 20 nm p+-InP diffusion barrier, and a 50 nm p+-InGaAs 
p-contact layer. The detailed epitaxial structure is summarized in Table 1. Absorber-A comprised 30 nm of p+-
InGaAs and 60 nm of undoped InGaAs, whereas Absorber-B consisted of 60 nm of p+-InGaAs and 30 nm of 
undoped InGaAs, as illustrated in Fig. 1 (a) and (b). To form the active mesa region, Ti/Pt/Au (300/200/3000 
Å) metal stacks were deposited for p-contact metallization using i-line stepper photolithography and electron-
beam evaporation. Rapid thermal annealing (RTA) was then performed at 425 °C for 30 s in an H2/N2 (30%) 
atmosphere. Afterward, a SiNX hard mask was deposited, and the epitaxial layers were etched by reactive ion 
etching (RIE) to a depth of approximately 2500 Å, followed by sequential wet-etching: the damaged layer was 
removed using an HBr solution (HBr : H2O2 : H2O = 8 : 2 : 100), and InP layer was etched using H3PO4: HCl = 
6 : 1, and the InGaAsP layer was etched using H2SO4 : H2O2 : H2O = 1 : 1 : 10. As shown in Fig. 1 (d) and (e), 
the matching layer and waveguide were etched using both RIE and wet etching. The waveguide was tapered to 
a wider width toward the active mesa to enhance optical coupling efficiency. For n-contact metallization, Ni/
Ge/Au/Ni/Au (50/300/500/200/7000 Å) metal stacks were deposited. Prior to p- and n-contact metallization, 
the surfaces of the p+-InGaAs p-contact and n+-InP n-contact layers were treated using either UVO or BOE 
cleaning. In the UVO treatment, the surfaces were oxidized under an O2 flow rate 0.5 L/min using a UV lamp 
and ozone generator for 10 min. The interfacial oxide layer formed by UVO was removed using an ammonia 
solution (NH4OH : H2O = 1 : 20) for 10 s, without deionized (DI) water rinsing. The UVO exposure time was 
optimized to 10 min to maximize the oxidation effect23. In contrast, BOE cleaning was performed using a 30 : 
1 solution for 10 s, followed by DI rinsing 30 s. The Au thickness of 7000 Å in the Ni/Ge/Au/Ni/Au stack was 
chosen to match the top height of the p- and n-metal layers. The metal stacks were annealed at 375 °C for 30 s 
in an H2/N2 (30%) atmosphere. After p- and n-contact metallization, surface planarization was performed using 
a benzocyclobutene (BCB, Dow cyclotene 3022-46) layer with a 70 nm SiNX adhesion layer. The spin coating 
was performed at 5000 rpm for 30 s. After curing at 280 °C for 1 h under vacuum, the BCB layer showed a final 
thickness of approximately 2.4 μm. The BCB layer was then etched to the target height to expose the p- and 
n-contact metals using RIE with a CF4/O2 gas mixture. Figure 1 (f) shows a cross-sectional Focused Ion Beam-
Scanning Electron Microscope (FIB-SEM) image of the fabricated UTC-PD structure. Finally, a Ti/Au metal 

Comment Material X Y

Carrier 
concentration 
(cm-3) Type

Thickness 
(Å)

A B

p-Ohmic InXGa1-XAs 0.53 – ~ 1019 P+ 500

Diffusion barrier InP – – ~ 1019 P+ 200

Absorber
InXGa1-XAs 0.53 – 5.0 × 1018

~ 3.0 × 1017 P 300 600

InXGa1-XAs 0.53 – – 600 300

Spacer
InXGa1-XAsYP1-Y 0.63 0.21 – – 70

InXGa1-XAsYP1-Y 0.82 0.60 – – 70

Cliff InP – – 3.0 × 1017 N 200

Collector InP – – 3.0 × 1016 N 1300

Near ballistic InP – – 3.0 × 1018 N 50

Etch-stop InXGa1-XAsYP1-Y 0.69 0.33 ~ 1019 N+ 50

n-Ohmic InP – – ~ 1019 N+ 1200

Matching layer
InXGa1-XAsYP1-Y 0.63 0.21 ~ 1019 N+ 1600

InXGa1-XAsYP1-Y 0.69 0.33 – – 900

Waveguide

InP – – – – 5500

InXGa1-XAsYP1-Y 0.86 0.33 – – 3000

InP – – – – 3000

Substrate S.I. InP – – – – –

Table 1.  Epitaxial layer structure of the UTC-PDs.  All layers were grown by molecular beam epitaxy (MBE) 
on a 2-inch Fe-doped semi-insulating inp substrate.
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extender and ~ 2 μm-thick Au electroplating were used to form the antenna pattern, as shown in Fig. 1 (c). The 
DC characteristics of the fabricated devices were measured using a Keysight B1500A semiconductor device 
analyzer for I–V analysis and a Keysight B1520A multi-frequency capacitance measurement unit (MFCMU) 
for capacitance measurement. In this study, devices with Absorber-A and UVO-treated interface are denoted as 
A-UVO, Absorber-B and UVO treatment as B-UVO, and Absorber-B and BOE treatment as B-BOE.

Results and discussion
Figure 2 (a) shows the resistance values extracted from transfer length method (TLM) measurements for 
devices with different absorber structures and metal-semiconductor interface treatments using UVO and BOE 
cleaning. The resistances of A-UVO (black squares) and B-UVO (red circles) are quite similar over the measured 
gap spacing range, whereas that of B-BOE (blue triangles) is noticeably lower than those of the UVO-treated 
devices. For quantitative comparison, the specific contact resistivity (ρc) and the semiconductor sheet resistance 
(Rsh) were determined from linear fitting of the measured TLM data. The parameters were extracted using the 
extrapolated transfer length (Lt) and contact resistance (Rc), based on the following relations: ρc = Lt

2 · Rsh 
and Rsh = Rc · W/Lt. The values of Rc and Lt were obtained from the total resistance relation using Eq. (1), 
where d is gap spacing and Z is the contact width.

	
Rt = Rsh · d

Z
+ 2Rc ≈ Rsh

Z
(d + 2Lt)� (1)

In this experiment, the TLM gap spacing varied from 2 μm to 30 μm, and the TLM pattern width was 200 μm. 
The extracted contact resistivities of A-UVO and B-UVO are 1.39 Ω µm2 and 4.51 Ω µm2, respectively, while 
that of B-BOE is 22.8 Ω µm2, as summarized in Table 2. The results indicate that UVO treatment followed 
by ammonia solution cleaning to remove the oxide layer reduces the contact resistivity by nearly five times 
compared with BOE cleaning. The oxidation of the InGaAs and InP surfaces by UVO treatment is known not 
only to remove defective surface layers formed during the processing but also to restore the stoichiometric 
composition of the semiconductor surface17. Therefore, the lower contact resistivity is likely attributed to the 
metal deposition performed immediately after sequential UVO oxidation and subsequent oxide removal using 
an ammonia solution. As shown in Fig. 2 (b-d), the current characteristics of the fabricated UTC-PDs were 
measured to compare the electrical behavior of each device. Figure 2 (b) reveals two notable differences: an 
increase in IDark for the UVO-treated devices and a shift in the slope-transition voltage in the IDark–V curves, 
indicating the crossover voltage (VX). The increase in IDark for the UVO-treated devices is likely attributed to 
the reduced contact resistivity and lower barrier height. Therefore, the barrier height was extracted from the 
forward current–voltage (I–V) characteristics, as shown in Fig. 2 (c), using Eq. (2), where ΦB is barrier height, 
k, T, and q are the Boltzmann constant, absolute temperature, and the electron charge, respectively. And A, A*, 

Fig. 1.  Modified UTC-PD band diagrams of (a) Sample-A with absorber-A and (b) Sample-B with absorber-B. 
(c) Top-view optical image of the fabricated UTC-PD with the antenna pattern. (d) Cross-sectional FIB-SEM 
image showing the matching layer and waveguide. (e) Top-view optical image of the fabricated UTC-PD before 
antenna formation. (f) Cross-sectional FIB-SEM image of the UTC-PD structure.
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and IS denote junction area, Richardson constant, and saturation current. The Richardson’s constant of p-InGaAs 
is 61.9 A cm− 2 K− 224,25.

	
ΦB = kT

q
ln

(
AA*T 2

IS

)
� (2)

The extracted barrier heights for the A-UVO and B-UVO devices are 0.58 eV and 0.59 eV, respectively. These 
values are slightly lower than that of the B-BOE device (0.61 eV). This reduction is attributed to the restoration 
of stoichiometry at the p-InGaAs surface by the combined UVO and ammonia cleaning process. In addition, 
differences in VX among the samples were extracted from the transition points in the slope of the IDark–V curves 
as shown in Fig. 2 (b). For bias voltages lower than VX, the IDark is dominated by generation-recombination 
processes, whereas above VX it is mainly governed by tunneling current26. At relatively low voltages, the 
slopes of the IDark–V curves were nearly identical (~ 0.45) for all devices; however, the BOE-treated device 
exhibited a slope change at a lower voltage (-2.84 V), suggesting that the cleaning method induces distinct 
current transport mechanisms. To further clarify the dominant transport mechanism, the thermal activation 
energy (Ea) was analyzed based on the temperature dependence of the IDark–V curves, which were measured 
over a temperature range from 308 K to 398 K in 10 K increments. The IDark at a voltage of -1 V was used for 
comparison. Theoretically, the relationship among IDark, Ea, and T can be expressed as Eq. (3).

	 IDark ∝ exp (−Ea/kT )� (3)

Based on this relation, a linear fit of ln(IDark) versus 1000/T was performed, as shown in Fig. 2 (d). Figure 2 (d) 
shows Ea values of 0.38 eV for UVO and 0.41 eV for BOE at lower temperatures (308 K ≤ T ≤ 348 K), and 0.43 
eV for UVO and 0.46 eV for BOE at higher temperatures (358 K ≤ T ≤ 398 K). The obtained Ea values correspond 
to approximately 50–61% of InGaAs bandgap (0.75 eV); however, the Ea value for the UVO-treated device is 
slightly lower than that of the BOE-treated one. When Ea ≈ Eg/2, the dominant transport mechanism is the 
Shockley-Read-Hall (SRH) process, whereas for Ea > Eg/2, the diffusion mechanism also contributes27,28. In this 
study, the difference in Ea between BOE and UVO (~ 0.03 eV) likely due to the variations in the applied voltage 
drop by the different interface treatment methods. These DC characteristics indicate that the interface condition 
has a more significant influence on device performance than the absorber layer structure. To complement the 

Device
Contact resistivity 
(Ω·µm2)

Crossover voltage, 
VX (V)

Barrier 
height (eV)

Ideality 
factor (η)

A-UVO 1.39 -3.5 0.58 1.9

B-UVO 4.51 -3.42 0.59 1.8

B-BOE 22.8 -2.84 0.61 1.7

Table 2.  DC characteristics of the UTC-PDs with different absorber structures and interface treatment 
methods.

 

Fig. 2.  DC characteristics of the fabricated UTC-PD: (a) resistance measured from the TLM pattern, (b) 
IDark–V characteristics, (c) extracted barrier height from the forward current, and (d) Arrhenius plot of IDark at 
-1 V bias.
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DC analysis and assess the metal-semiconductor interface reliability of the fabricated devices, a bias temperature 
instability test of UTC-PD was performed at 298 K and 348 K. Figure 3 (a) shows the IDark measured during the 
stress time. Although the operating voltage is typically around − 1 V, a stress voltage (Vstress) of -7 V was applied 
to accelerate degradation, enabling the observation of degradation behavior within a short period, as illustrated 
in Fig. 3 (b). The inset in Fig. 3 (a) presents the bias application scheme for stress and relaxation time. A constant 
Vstress was applied to the p-metal for 1000 s, followed by a 1000 s relaxation time at 0 V, while the n-metal was 
grounded during the stress and relaxation times. Under a stress voltage of -7 V applied for 1000 s, the IDark 
measured at -7 V for the A-UVO and B-BOE was nearly identical, indicating that both devices share the same 
current transport mechanism under the applied Vstress condition.

The I–V curves were measured during the stress and relaxation time at three points per decade to monitor the 
variation of the current. Figure 3 (c) shows the change in IDark for the A-UVO (blue symbols) and B-BOE (black 
symbols) devices during DC bias stress and subsequent relaxation at 298 K (closed circles) and 348 K (opened 
squares). The IDark at -1 V gradually increases with both stress duration and temperature. During the relaxation 
phase, the IDark in the B-BOE device partially recovers (decreasing toward its initial value), whereas the IDark in 
the A-UVO device shows almost no change. For a more detailed comparison, the normalized IDark variation, ΔI/
I0 (in percent, at -1 V) was calculated using Eq. (4).

	 ∆I/I0 (t) [%] = 100 × (I (t) − I0) /I0� (4)

The time dependence of ΔI/I0 during stress and relaxation was fitted using power-law models, 
∆I/I0 = A · tns  (stress time) and ∆I/I0 = B · tnr  (relaxation time), to extract the time exponent ns and nr. 
A higher ns indicates a faster degradation process, strongly driven by a high electric field under non-equilibrium 
condition, involving trap creation and carrier injection in the bulk, at specific interfaces, or within surrounding 
oxides29. Notably, the ns (~ 0.14) for the A-UVO device is independent of temperature and exhibits negligible 
recovery during the relaxation time. In contrast, ns for B-BOE shows a distinct temperature dependence. The 
ns value for B-BOE at 298 K is higher than that at 348 K, which can be explained by partial recovery of trapped 
charges at relatively lower temperature during voltage sweep (from − 4 V to + 1 V) used to monitor current 
variations during stress and relaxation30. Meanwhile, during relaxation, the IDark of B-BOE follows an exponent 
nr (~ 0.04) that remains nearly constant at both temperatures, suggesting that the same recovery mechanism 
dominates. The observed trends in the time exponents during stress and relaxation indicate that the degradation 
behavior strongly depends on the interface condition, which is influenced by the metal-semiconductor surface 
treatment method. Specifically, the recovery behavior observed in the B-BOE device implies the detrapping 
of trapped charges within the interfacial oxide layer and is consistent with the presence of a residual oxide 
layer between metal and InGaAs. To further investigate the interface condition, cross-sectional TEM images 
of devices magnified at Ti (metal)/ InGaAs (p-Ohmic)/ InP (diffusion barrier)/ InGaAs (absorber) stacks were 
compared, as shown in Fig. 4. The TEM image clearly reveals an ~ 10 nm interfacial oxide layer at the Ti/
InGaAs interface in Fig. 4 (a) for the B-BOE device, whereas the A-UVO device exhibits a much thinner oxide 
layer (~ 2 nm), as shown in Fig. 4 (b). These structural observations strongly support the interpretation that the 
degradation and recovery behaviors observed in Fig. 3 are primarily governed by the properties of the interfacial 
oxide layer. While the TEM image alone cannot definitively distinguish whether the interfacial oxide layer is a 
residual layer or a newly grown one, the experimental conditions support the interpretation that it is a residual 

Fig. 3.  (a) IDark measured during the stress period. (b) I–V characteristics under accelerated and operation 
conditions. (c) Variation of IDark during stress and relaxation time at 298 K and 348 K, measured at -1 V. (d) 
IDark change ratio during stress and relaxation periods.
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layer. Both the B-BOE and A-UVO samples were subjected to metal deposition immediately and simultaneously 
following their respective surface treatments, and were then annealed at 425 °C for 30 s using RTA. If the ~ 10 
nm layer had grown during these subsequent processes, a similar thickness should have been observed in the 
A-UVO device, where the native oxide was initially removed. Consequently, the substantial thickness difference 
observed via TEM (~ 10 nm for BOE vs. ~2 nm for UVO) provides clear evidence that the layer in the B-BOE 
device is a residual layer remaining from insufficient etching rather than a result of subsequent processing. 
Although the present TEM analysis demonstrates a substantial difference in interfacial oxide thickness between 
BOE- and UVO-treated devices, a systematic study in which the interfacial oxide thickness is independently 
controlled, for example through controlled UVO processing, would be beneficial to further distinguish the 
respective contributions of oxide thickness and interface quality to the observed device behavior.

The frequency and voltage dependence of capacitance were measured, as shown in Fig. 5, to examine the 
influence of the interfacial oxide layer. The filled and open circles represent the capacitance values of the A-UVO 
and B-BOE devices, respectively. In Fig. 5 (a), although the undoped InGaAs layer in the absorber of the B-BOE 
device is thinner, it exhibits a lower capacitance than that of the A-UVO device in the frequency range from 
approximately 40 kHz to 1 MHz (AC volt = 100 mV). In particular, the capacitance at 100 kHz was reduced by 
about 8.3%, as shown in Fig. 5 (b), which supports the presence of an interfacial oxide layer.

	
1

Ctot
= 1

Cox
+ 1

Cdep
, Cox/A = ε0εox

tox
� (5)

As expressed in Eq.  (5), the total capacitance can be reduced by the contribution of the interfacial oxide 
capacitance (Cox). Because Cox is inversely proportional to the oxide thickness (tox), it can be expected that the 
tox of the A-UVO device is thinner–approximately one-third that of B-BOE device–which is consistent with 
the TEM analysis results. Overall, comparisons of the DC characteristics, instability test, TEM analysis, and 
capacitance measurements indicate that the interface quality achieved with UVO treatment is superior to that 
obtained with BOE cleaning due to the presence of a residual interfacial oxide layer in the BOE-treated device.

Fig. 5.  (a) Capacitance as a function of frequency for the fabricated UTC-PD at -2 V. (b) Capacitance–voltage 
curve measured at 100 kHz and 298 K. The filled and open circles represent A-UVO and B-BOE, respectively.

 

Fig. 4.  TEM images of the interfacial layer at the p-metal / InGaAs junction of UTC-PDs with different 
magnifications: (a) device treated with BOE and (b) device treated with UVO.
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To evaluate the device performance as a photonics component, the photocurrent of devices with various 
active mesa widths (8 μm - black, 10 μm - red, and 12 μm - blue) and a common mesa length (3.2 μm) was 
measured, as shown in Fig. 6 (a-c). A lensed fiber was used to couple the incident light into the device through 
the waveguide. The photocurrent increased linearly with laser power and exhibited a clear dependence on the 
active area. The responsivity was extracted from the slope of the photocurrent–power curve for etch active mesa 
width, as shown in Fig. 6 (d), where the black, red, and blue symbols represent the A-UVO, B-UVO, and B-BOE 
devices, respectively. The responsivity also shows the linear dependence on active mesa width. In the device, 
a large active mesa area leads to wider depletion region at the junction, which enhances the vertical electric 
field and promotes the effective separation and collection of photo-generated charge carriers in the depletion 
region31. Owing to this enhanced charge separation and collection, both the photocurrent and responsivity 
increase as a function of the active mesa area. The responsivity of the BOE-treated device is higher across all 
active mesa widths than that of the UVO-treated devices, regardless of the absorber layer configuration. In 
UTC-PDs, the photocurrent is generated by minority electrons in the absorber layer that flow unidirectionally 
toward the collector8. Therefore, the reduction of IDark caused by the interface oxide layer on the p-Ohmic side 
increases the difference between the IDark and photocurrent, leading to an apparent enhancement in responsivity. 
These findings further demonstrate that the interface condition plays a more dominant role than absorber layer 
composition in determining the device responsivity. In addition, a performance comparison of PDs including 
p–i–n PDs, and UTC-PDs with various optical input configurations and absorber materials, is summarized in 
Table 3. The device presented in this work exhibits competitive performance compared with previously reported 
PDs.

  
Finally, to evaluate the high frequency performance, the fabricated UTC-PDs (active mesa area = 8 × 3.2 

µm2) with BOE and UVO interface treatments were measured, as shown in Fig. 7 (a), and the corresponding 
measurement set-up is presented in Fig. 7 (b). A semiconductor-optical-amplifier integrated dual-mode laser 
(SOA-DML) was employed as a two-tone optical source for photomixing32, together with an erbium-doped fiber 
amplifier (EDFA) for optical power amplification. The emitted waves were detected using zero-bias detectors 
(ZBDs) operating in the WR6.5 and WR3.4 bands (Virginia Diodes Inc.), which cover frequency ranges of 100–

Ref. Device type Optical input
Absorber 
materials

PD size 
(µm2)

IDark
(nA)

Responsivity
at 1.55 μm
 (A/W)

26 p-i-n PD Top-illumination InGaAs 176 0.23 (at -2 V) 0.55
34 UTC-PD Top-illumination Ge 177 58 (at -1 V) 0.18
35 UTC-PD Top-illumination GaInAsSb 64 5 (at -5 V) 0.09
36 UTC-PD Backside-illumination InGaAs - - 0.45
37 UTC-PD Waveguide InGaAs 30 3 (at -2 V) 0.38
38 UTC-PD Waveguide InGaAs 20 - 0.27
39 UTC-PD Waveguide InGaAs 50 3 (at -1.5 V) 0.25

This work
(B-BOE) UTC-PD Waveguide InGaAs 38 1.4 (at -2 V) 0.22

Table 3.  Performance comparison of reported PDs.

 

Fig. 6.  Photocurrent characteristics for different active mesa widths, absorber structure, and interface 
treatment methods: (a) A-UVO, (b) B-UVO, and (c) B-BOE. (d) Measured responsivity versus active mesa 
width at a wavelength 1.55 μm.
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170 GHz and 220–330 GHz, respectively. As shown in Fig. 7 (a), the measured voltage exhibits a gradual decrease 
with increasing frequency, representing the typical roll-off behavior of UTC-PD33. Nevertheless, both fabricated 
devices demonstrated stable operation up to 300 GHz. In particular, the measured voltage of the B-BOE device 
remained higher than that of the A-UVO device across the entire frequency range. This result is consistent with 
the responsivity trend observed in the photocurrent measurements, confirming that the B-BOE device exhibits 
better performance than the A-UVO. These findings suggest that the interfacial oxide layer, which suppresses 
IDark, is beneficial for improving UTC-PD performance. Although UVO treatment produces a cleaner metal-
semiconductor interface and reduces contact resistance, it simultaneously increases IDark, leading to degraded 
responsivity and frequency response. Therefore, developing a high-quality interfacial oxide layer that effectively 
suppresses IDark after UVO surface treatment is essential for further enhancing UTC-PD performance.

Conclusion
The effects of the InGaAs absorber structure and metal-semiconductor interface cleaning process on UTC-
PD performance were systematically evaluated. Although UVO treatment reduced contact resistance and 
barrier height by improving interface quality, it also led to an increase in IDark and a consequent reduction in 
photoresponsivity, regardless of the absorber configuration. In contrast, BOE-treated devices exhibited superior 
photoresponsivity and frequency characteristics. These results confirm that interface treatment plays a more 
dominant role than absorber structural modification in determining overall device performance. Therefore, 
optimizing the interface condition while maintaining a high-quality interfacial oxide layer is crucial for achieving 
enhanced UTC-PD performance.

Data availability
All data generated or analyzed during this study are included in this published article.
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