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Abstract

Objectives. The primary aim of this study is to minimize image defects in a hybrid photodetector with a sensitivity
range of 0.95-1.65 um, based on an InP/InGaAs photocathode. In order to achieve this, the surface quality of the
photocathode must be improved prior to lift-off photolithography. In addition, the photolithographic process must
be made highly reproducible.

Methods. In order to achieve this goal, a series of experiments on surface cleaning and improvement of the lift-off
photolithography process were conducted. The following surface preparation methods were tested: chemical
etching of the InGaAs surface; coating the photocathode surface with a protective photoresist layer before cutting
the plate; using various photoresist removal methods (in dimethylformamide and plasma); and mechanical surface
cleaning. In order to improve photolithography, experiments were conducted on drying times and photoresist
methods, exposure and development modes were varied, and photoresist was replaced.

Results. Samples manufactured using the improved technology demonstrate a more than ninefold reduction in the
average percentage of defects on the photocathode surface from 0.317% to 0.035%. Thanks to the improved quality
of the photocathode surface, the image in the finished device is more uniform and the number of image defects
significantly decreased. The process is highly reproducible.

Conclusions. Improvements in surface preparation technology, coupled with a reduction in the thickness of the
photoresist used in lift-off photolithography lead to greater uniformity of images in hybrid devices and fewer defects.
The proposed approach can be used for the mass production of high-sensitivity near-infrared hybrid photodetectors,
making them competitive with those produced elsewhere.
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Pe3iome

Llenu. OcHoBHasa uenb paboTbl — yMeHbLUeHVE AedeKTOB N300paXeHNsl, Noy4aeMoro B rubpuaHomMm hoTonpu-
€MHUMKe C Auana3oHoM 4yBcTBUTeNbHOCTM 0.95-1.65 MKM Ha ocHoBe ¢poTokaToda n3 pochuaa nHams/apceHnaa
rannusa-uHauns (InP/InGaAs). ns 3Toro Heo6XoAMMO YNYHLINTL KQYEeCTBO MOBEPXHOCTM GOTOKATOAA NEepes B3PbIB-
HOM poTonuTOorpaduen, a Takke o06ecneymTb BbICOKYO BOCMPOM3BOANMOCTb pOoTONMUTOrpadmnyeckoro npoLecca.
MeTopabl. 119 4OCTUXEHNSA NOCTABNEHHOM Lenn NpoBeAeHa Cepurst IKCNMEPMMEHTOB MO O4YUCTKE MOBEPXHOCTU U NO
YCOBEPLUEHCTBOBAHMIO TEXHOJIOMMYECKOro npoLecca B3pbIBHON poTonmtorpadun. ns noAroTOBKN MOBEPXHOCTU
onpo6oBaHkI CnenyoLLmMe METOAbl: XMMMYeCKoe TpaBfieHe NoBepxHOCTM INGaAs, NOKpbITVME MOBEPXHOCTU GOTOKa-
ToOa 3aLUTHbLIM CrioeM GOoTope3ncTa nepen Pe3kor NIaCTUHbI, UCMONb30BaHME Pa3/IMYHbIX CMOCOOO0B yaaneHus
doTopesuncTta (B aumetTundopmamunae 1 nna3me), BHegpeHne MexaHnyeckom O4MCTKN NOBEPXHOCTU. [ns ycoBep-
LLEHCTBOBaHUS doToNnmnTorpadumn npoBefeHbl 3KCNEPUMEHTLI CO BPEMEHEM 1 cnocobamu cyllkm GoTope3uncTa,
NnpoBeAEHO BapblUPOBaHNE PEXNUMOB 3KCMOHMPOBAHUSA 1 NPOSBIEHUS, 3aMeHeH GOTOPE3nCT.

Pe3ynbTaTthbl. VI3roToBNEHHbIE NO YCOBEPLUEHCTBOBAHHOW TEXHONMOrMM 06pasLbl AEMOHCTPUPYIOT 6oNee Yem ae-
BATMKPATHOE CHMXXEHME CpefHero npoueHTa AedekToB OT 06LLEN Nowaam NnoBepxHOCTN GpoTokaToaa No CpaBHe-
HUO co cTapbiMm obpasuamu: ¢ 0.317% no 0.035%. bnarogaps ynydlleHuio ka4ecTBa NOBEPXHOCTN poToKkaToaa
n3obpaxeHne B roTOBOM npnbope ctano 6onee 0gHOPOAHbIM, KONMYECTBO AedEKTOB N300paXKeHNS 3HAYNTENbHO
yMeHbLUMnock. ObecneyeHa BbiICOKas BOCNPOWU3BOAMMOCTb NpoLecca.

BbiBOAbI. YCOBEPLLUEHCTBOBAHHASA TEXHOOMMS NOATOTOBKM MOBEPXHOCTU, a TAKKE YMEHbLUEHNE TONMLWMHbLI GOTO-
pesncTa, NCNob3yemMoro BO B3pbIBHOW poTonmutorpadum, NpuBesno K yBEINYEHNIO OAHOPOLHOCTU N3006paxkeHus
B rmbpmnaHoM npmnbope, a Takke K yMeHbLleHUIo aAedekToB. MpennaraemMblii Noaxon MoXeT OblTb NMPUMEHEH Npu
CEepPUINHOM NPOU3BOACTBE MMOPUOHbLIX BbICOKOYYBCTBUTENbHbLIX POTONPUEMHNKOB B6nrxxHero nHepakpacHoro (MK)
[uanasoHa 1 no3BoNSET UM BbITb KOHKYPEHTOCNOCOOHBIMY C MUPOBLIMU aHANOraMu.

KntoueBble cnoBa: dotonpuemHmku 6amkHero NK-gmanasoHa, InP/InGaAs-doTtokaTtoa, oumctka nosepxHoct InGaAs,
B3pbIBHasA poTonmTorpadus

Ona uutupoBaHua: EropeHkoB A.A., Hanunosa W.B., BubuHoBa M.W., YenbiwkoB C.H., BasHukos A.H.,
Batanoe K.C. MNoncK TEXHONOMMYECKMX PELUEHUIA, HamnpaBleHHbIX HA CHUWXEHWE KonuyecTBa OedekToB n3obpaxe-
HUS B rmbpunaHoM npubope GnvxHero nHdpakpacHoro auanasoHa. Russian Technological Journal. 2026;14(2):69-79.
https://doi.org/10.32362/2500-316X-2026-14-2-69-79, https://www.elibrary.ru/HEGGBA

Mpo3pa4yHocTb hpMHAHCOBOI OeATesNIbHOCTU: ABTOPbI HE UMEKOT GUHAHCOBOM 3aUHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX Matepuanax uin metoaax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

One of the popular imaging ranges is the short-
wave infrared (SWIR) spectral diapason. Its radiation
has properties similar to the radiation of visible range.
SWIR is also promising in a variety of applications due
to its unique features:

e transparency  of
SWIR diapason';

e use of invisible radiation as illumination (nightglow,
laser radiation with a wavelength of 1.55 um, which
is safe for human eye) [1];

e ability to distinguish objects with the same color in
the visible range [2];

e compared to the visible range, the ability to observe
at longer distances and in poor visibility (smog, rain,
fog) [3].

Cameras operating in the near-infrared diapason have
a wide range of applications both in scientific research,
as well as in the civil and military-defense industries. For
example, in the electronics industry, they are used for
defect identification in printed circuit boards and solar
panels?. In the food industry, they are used to inspect the
quality of products [4]. In the military-defense industry,
they are used for reconnaissance and tactical operations
to detect camouflaged objects and track them [5]. In
medicine, they are used for non-invasive tissue analysis
and visualization of subcutaneous tissues [6].

Hybrid photodetectors operating in the SWIR
are promising photosensitive devices. They consist
of a photocathode and a solid-state electron-sensitive
element (anode) in a single vacuum volume (Fig. 1).
The photocathode operating in the pass-through mode
absorbs photons. Thus electron-hole pairs are generated
inside its volume. The electrons then move to the surface,
then emit into the vacuum where they are accelerated by
the electric field. The electron sensitive anode registers
the electron flux, the intensity of which is directly
proportional to the intensity of radiation absorbed by the
photocathode.

This type of a device operates on the basis of an
external photoelectric effect, so there is a need to locate
such a system in vacuum conditions. Signal amplification
is an advantage over solid-state analogs due to the
generation of a large number of electron-hole pairs in
the anode volume by accelerated electrons. It is also
worth noting that the hybrid devices have a high level of

some materials in  the

I Edmund Optics. What is SWIR? https://www.
edmundoptics.com/knowledge-center/application-notes/
imaging/what-is-swir/?srsltid=AfmBOopNG80gK_qIN35-
W5tpY9aS7jqGYNeYN3ImLq96-xOienoMu9u2T. Accessed
June 04, 2025.

2 HWYL En-Vision Technology. SWIR Cameras: What
Are They? [Imaging & Application Guide] https://hwyl.in/swir-
cameras/. Accessed June 10, 2025.

Photocathode Electron-sensitive anode

(S

R —
_
R ——

Optical
window

Fig. 1. Diagram of the hybrid photodetector device [7]

variability in the types of possible photocathodes [8—10]
and anodes within a single structure.

Inthiswork, InP/InGaAs heterostructure (wavelength
range of 0.95-1.65 um) is used as a photocathode. Aa
metal layer (electrode) is deposited on its surface to form
a Schottky barrier, in order to transfer the photocharge
from the active layer of the photocathode to the emitter
layer with a larger band gap. When an external voltage is
applied, the barrier between the active and emitter layers
decreases, and photoelectrons are able to travel into the
emitter and then into vacuum [11, 12]. The surface is
activated with a Cs/O layer [13, 14], in order to reduce
the work function of electron from the photocathode
surface into the vacuum gap.

Lift-off photolithography is used to create a metal
electrode. However, the contamination of the surface of
the photocathode with small and large particles causes
complications during the photolithography process.
Large and small particles prevent the creation of
a uniform electrode during photolithography. This can
lead to image defects in the hybrid photodetector device.
These particles are also visible in the final image from
the device (Fig. 2).

Fig. 2. Image defects caused by surface contamination
and inhomogeneity of the electrode

Defects can be observed in the area marked with
a red rectangle (Fig. 2) showing the non-uniformity
of the electrode. The black rectangular areas are metal
residues not removed during lift-off photolithography.
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Dark lines are visible in the area bounded by the blue
rectangle. These are assumed to be traces of a brush used
to remove metal residues after photolithography. In [15],
the presence of dark dots and lines in images from
image intensifier tubes in visible and infrared ranges is
associated with the photocathode surface contamination.

NRI “Electron” uses substrates with an InP/InGaAs
heterostructure in the production technology of a hybrid
SWIR-range photodetector. A single wafer can be used
to create photosensitive areas for up to four devices.
Due to the fragility of the wafer, it must be cut before
the photolithography process. Various small and large
particles are adsorbed on the surface during cutting.
These particles must be removed because they prevent
contact during exposure and therefore increase the
percentage of image defects. In addition, for the best
operability of photocathodes with negative electron
affinity, an atomically clean surface is required [16]. This
will ensure the uniformity of Cs/O layer deposition for
surface activation [17]. Moreover, the atomically clean
surface increases the lifetime of the photocathodes [18].

A suitable cleaning technique must be found
to remove contaminations from the surface of the
photocathodes, in order to improve the image quality
from the hybrid photodetector device. Several cleaning
methods are available: chemical cleaning, plasma
cleaning, and ion cleaning. Chemical cleaning is the
most attractive method due to the low cost and ease
of the process. Acidic solutions are widely used for
etching of III-V group semiconductors. Among acidic
etchants, the hydrochloric acid (HCI) and hydrogen
peroxide (H,O,) solution (HCI/H,0,) is considered
one of the most suitable, since it provides the lowest
degree of anisotropy during etching [19, 20]. An
increase in the H,O, concentration in etchant solutions
leads to a significant growth in the etching rate [21].
This is not desirable for our applications, since it can
change the thickness of the outer epitaxial layer of
the heterostructure. Therefore, low concentrations of
H,O, must be used, in order to ensure low etching rates.
In [20] a solution of HCI + H,0, + ADS (ammonium
dodecyl sulfate) was proposed for the purposes of the
more efficient purification of nanoparticles from the
InGaAs surface. The addition of ADS reduces the zeta
potential of the surface, leading to a decrease in the
particle’s adsorption [20].

In addition to surface contamination, lift-off
lithography was not successful in every experiment (it
is not always possible to remove the excess metal layer
completely to form the desired pattern). Possible reasons
for this may be the use of a positive photoresist which
creates an overcut border profile (Fig. 3a). The metal

3 https://www.niielectron.ru/  (in Accessed

September 25, 2025.

Russ.).

layer deposited on the walls of the photoresist prevents
the penetration of the solvent used to remove the
photoresist and the metal film. This makes the process
of lift-off difficult or impossible. In general, negative
photoresists are used in lift-off photolithography which
create an undercut border profile (Fig. 3b). They help
remove excessive metallization.*

1 1
3 3
AAAV YUY
1 1

(a) (b)

Fig. 3. Schematic diagram of the photoresist walls:
(a) overcut border profile,
(b) undercut border profile, where 1 is the substrate,
2is the photoresist, and 3 is the metal

In order to use negative photoresists, the photomask
must be modified and the solvents replaced. This requires
additional technological development. The study of such
technological changes is the subject of future research.

This article presents the results of experiments
on surface cleaning after cutting, and selection of the
optimal sequence of actions for getting the best cleaning
of the photocathode surface. The results of experiments
aimed at improving the reproducibility of lift-off
photolithography process are also presented. A new
photoresist was selected and by means of its use, lift-off
occurs on each sample.

1. MATERIALS AND METHODS

Previously, the photocathode surface preparation
and subsequent photolithography were performed as
follows:

e manual cutting of a two-inch InP/InGaAs
photocathode plate into 20 x 22-mm samples;

e cleaning plates in deionized water in the
ultrasonic unit UZU-0.25 (Ulyanovsk Instrument
Manufacturing Association, USSR) for 5 min;

e during the photolithography process, a positive
photoresist FP-9120-1.0 (NIOPIK, Russia) with
1.1-1.3 pum thickness was used;

4 Image reversal (lift-off) photoresist FPN-20-ISO.
https://www.frast.ru/obrashchennaya-vzryvnaya (in Russ.). Accessed
September 25, 2025. (In Russ.).
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e photolithographic  operations (exposure and
development) and deposition of the metal layer
with subsequent lift-off were carried out on
different days.

1.1. Surface preparation
before photolithography

Surface cleaning experiments were performed on
InP/InGaAs photocathodes, as well as on silicon wafers
with a diameter of 3 inches.

A number of experiments were carried out in the
technological process of surface preparation, in order to
reduce contamination on the photocathode surface:

1) etching of InGaAs surface with H,O, + HCI + ADS
solution with 0.001 M hydrogen peroxide,
0.05 M hydrochloric acid and 0.05 mM ADS;

2) automated cutting of photocathode into samples of
20 x 22 mm;

3) coating the photocathode with protective layer of
photoresist before cutting;

4) removal of photoresist in dimethylformamide
followed by plasma treatment to remove photoresist
residues;

5) surface cleaning process: mechanical washing of
the surface in deionized water, then cleaning in an
ultrasonic bath for 5 min, mechanical washing in
deionized water.

1.2. Photolithography process

The following experiments were performed, in order
to improve the lift-off photolithography process:

1. Change of the photoresist drying modes:

Infrared drying, drying on hot plate at 7= 105°C
for 1 min, drying in the air forced convection
oven at 7 = 115°C and different exposure times:
3, 5, 10, and 20 s. For certain photocathodes,
a method of creation of an undercut border profile
was tested. After exposure, the plate was additionally
dried: for 1 min on the hot plate for one and for 5 min
in the air forced convection oven for another.

2. Change of exposure modes (different exposure
duration, different power) and, accordingly, of the
development (different developer concentration and
development time).

3. Reduction of the time, spent by the sample between
the processes of exposure, development, metal
deposition and lift-off.

4. Usage of the different positive photoresist with
a smaller film thickness: FP-9120-0.4 (NIOPIK,
Russia) with thickness of 0.4 pm instead of
FP-9120-1.0 with thickness of 1 um.

1.3. Visualization of experiments

Images of the samples were obtained with MBS-1
(Lytkarinsky Optical Glass Factory, USSR) and

NORGAU NVM-2010 (NORGAU, Russia) optical
microscopes.

A test bench was used to obtain the image from the
device at uniform illumination. The block diagram is
shown in Fig. 4.

v PD

& —> USB
PS PD —>| HPD K—=> ECU <—=> PC
—>
A
27V1A
PS
ECU

Fig. 4. Block diagram of the test bench for getting
an image from the hybrid photodetector, where:
PS—Power Supply, PD—Photodiode with a center
wavelength sensitivity at 1.55 um, HPD—Hybrid
Photodetector, ECU—Electronic Control Unit,
USB—Universal Serial Bus, PC—Personal Computer
for image display and control

2. RESULTS

Etching of the InP/InGaAs photocathode (manually
cut) surface in the solution of H,0, + HCI + ADS in
an ultrasonic unit for 5 min did not show any particular
result. The surface was not successfully cleaned from
small and large particles. As can be seen in Fig. 5, only
certain large particles were removed. It is possible that
some may have changed their position on the surface.

(a) (b)

Fig. 5. InP/InGaAs photocathode surface:
(a) before etching in H,0, + HCI + ADS solution,
(b) after etching. Field of view area 20 x 22 mm?

A positive result was obtained when manual cutting
was replaced by automated cutting. Automated cutting
resulted in a significant reduction in the number of large
particles adsorbed on the sample surface. Automated
cutting led to a significant reduction in the number of
large particles adsorbed on the sample surface (Fig. 6).

However, the surface still contains a large number
of small particles of approximately 10 £ 5 um in
size (Fig. 7a). The number of such particles can be
reduced by coating the sample surface with a photoresist

Russian Technological Journal. 2026;14(2):69-79
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before the cutting process (Fig. 7b). The number of
small particles adsorbed on the surface during cutting
is reduced. However, an oval shaped pattern appeared
on the surface of the sample after coating with the
photoresist and after its removal in dimethyl formamide.
This pattern consists of small particles with a size
of 10 = 3 um. These particles were not removed after
the cleaning. These particles may not completely be
removed with dimethylformamide.

(a) (b)

Fig. 6. Si surface after (a) manual cutting,
(b) automated cutting. Image taken at 0.7 magnification,
field of view area 6.311 x 6.312 pm?

(a) (b)

Fig. 7. Si surface after automated cutting:
(a) without photoresist,
(b) with photoresist. Image at magnification 2.0,
field of view area 2.21 x 2.21 um?2

These patterns do not appear when oxygen plasma
is used to remove the photoresist [22]. However, as
a result, the surface is insufficiently clean (Fig. 8).

(a) (b)

Fig. 8. Si surface after plasma-chemical etching: (a) not
cleaned, (b) after cleaning. Image at magnification 2.0,
field of view area 2.21 x 2.21 ym?2

Therefore, the following surface preparation method
is used:
1) the initial two-inch wafer is covered with a layer of
photoresist FP-9120-1.0;

2) then it is automatically cut into samples of the
required size;

3) the protective layer of the photoresist FP-9120-1.0
is removed in dimethylformamide, then the
photoresist residues are additionally removed in the
oxygen plasma;

4) final cleaning of samples mechanically under the
flow of deionized water after 5 min of the ultrasonic
cleaning.

Changes in the photolithographic process (drying,
exposure, development) did not affect the lift-off process.
Excessive metallization was not removed. However,
change in the photoresist thickness led to positive results.

Repeatability of the photolithography process
can be achieved with the use of the new photoresist
FP-9120-0.4 with a reduced level of thickness, and by
means of the lift-off photolithography process (exposure
and developing the pattern, metal deposition, removing
excess metal) during one day. This could not have
been achieved earlier. When using the previous thicker
photoresist FP-9120-1.0, it was not always possible to
remove metal completely, and thus create the necessary
pattern on the photocathode surface.

The reduction in photoresist thickness is assumed
to make its walls steeper. Therefore, the removal of
metal (lift-off) occurs more successfully. It is reproduced
at the moment of creating of a photosensitive region on
each photocathode. This trend can also be observed
in [23], where the photoresist walls became flatter as its
thickness increased.

The photolithographic pattern obtained with use of
the new technological approach is more uniform. It has
fewer defects, compared to samples obtained with the
use of the old technology.

Data analysis on the area and percentage of
defects was carried out (Table), in order to quantify the
effectiveness of the new technological approach. A sample
of 12 photocathodes based on the new technological
approach shows a low percentage of the number of
defects from the area of the working area. N1-N12 are
samples made with the use of the new technology, O1-0O3
are samples made with the use of the old technology.

The average defect percentage using the modified
technology for samples from the NI1-N8 group
was 0.086%, and for the N9—N12 group was 0.035%.
This is 9 times lower compared to the indicator for the
old technology group O1-03 (0.317%). The standard
deviation for the new technology is also significantly
lower (0.039% and 0.019% vs 0.127%), which indicates
a high reproducibility of the process.

Figure 9 shows that the working area of samples
N9-N12 has the lowest percentage of defects. When
preparing for photolithography, these samples were
additionally mechanically cleaned after 5 min in an
ultrasonic bath.

Russian Technological Journal. 2026;14(2):69-79
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Table. Area and percentage of defects in the working area on the photocathode

Sample number Total defect area, mm? Percentage of defects from the working area 130 mm?, %
N1 0.059 0.05
N2 0.107 0.01
N3 0.073 0.06
N4 0.102 0.08
N5 0.080 0.06
N6 0.102 0.08
N7 0.031 0.02
N8 0.395 0.04
N9 0.020 0.02

N10 0.076 0.06
N11 0.020 0.02
N12 0.076 0.06
Ol 0.349 0.27
02 0.600 0.46
03 0.288 0.22

0.46% W Old technology

u Mechanical cleaning before
ultrasonic cleaning

' Mechanical cleaning before
and after ultrasonic cleaning

0.27%

0.22%
0.17%
0.11%
0.08% 0.08%  0.08%
0.05% 0.06% 0.06% 004%  0.06%

I I I 0.02% 0.02%'
l | -

01 02 O3 N1 N2 N3 N4 N5 N6 N7 N8 N9 N1ON11N12

Fig. 9. Distribution of the defect fraction
from the total area of the samples

Thus, the improved technological process not only Fig. 10. Image of the device with a photocathode
reduces defects, but also provides more stable results in obtained using advanced technology
mass production.

Compared to Fig. 2, the quality of the image from The results show that the reduction of the photoresist
the new device (Fig. 10) is significantly improved. The  thickness and elimination of long-term interoperative
image has become more uniform, black dots from dirt ~ sample storage significantly reduces the number of
are almost absent, and dark rectangles are completely  defects. The greatest contribution to quality improvement
absent. is made by a complex of measures: protection of
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the surface with a photoresist before cutting, the use of
plasma cleaning; sequential execution of the stages of
exposure; deposition and removal of the excess metal;
as well as reduction of the used photoresist thickness.

The achieved level of the defect rate according to
the photocathode measurements corresponds to the best
world samples of the solid-state SWIR photodetectors
IMX991 from SONY?.

CONCLUSIONS

An improved technology of the surface preparation
and photolithography processes for the hybrid SWIR
photodetectors has been developed.

The average defect percentage was reduced by more
than 9 times, from 0.317% to 0.035%. This corresponds
to the best currently available world samples of solid-
state SWIR photodetectors.

The image quality from the hybrid photodetector
device is improved as a result, The image is more
uniform, with fewer defects such as black dots, lines,
and streaks.

A high level of reproducibility of the process is
provided (reduction of the standard deviation by more

than 6 times), enabling the proposed technology for
mass production of the hybrid SWIR photodetectors to
be scaled.
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