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Broadband optical interfaces for IR sensing must retain stable spectral coupling after thermal
exposure. In this study, p-type black GaAs nanotip arrays (GaAsNTs) fabricated by self-masked
dry etching were evaluated at the materials level as front optical coupling interfaces for IR
sensing. Hemispherical absorptance over 250-2400 nm was measured in the as-prepared state
and after thermal exposure at 200, 500, and 700 °C for 30 min. All post-exposure spectra were
acquired at room temperature after cooling, and NIR absorptance retention was used to quantify
optical durability. The as-prepared GaAsNTs exhibited near unity broadband absorptance. After
exposure at 200 and 500 °C, the response remained largely unchanged, with 98.5% NIR
absorptance retention after 500 °C exposure. In contrast, exposure at 700 °C reduced retention to
75.8% and produced the cracking, nanotip collapse, and partial removal of the nanostructured
layer, suggesting a structural contribution to optical degradation. To the best of our knowledge,
this is the first systematic evaluation of broadband hemispherical absorptance retained by black
GaAs nanotip surfaces after thermal exposure. These results provide an application-oriented
materials assessment for IR sensor interface design under thermal exposure constraints. They
also distinguish post-exposure durability from continuous high-temperature operation.

1. Introduction

IR sensing is widely used in thermal imaging, spectroscopic monitoring, environmental
detection, and industrial process analysis.(*2 Most IR photodetector studies emphasize carrier
transport, dark current, responsivity, and signal readout.>* However, the front optical interface
also governs optical coupling into the sensor. In thermally demanding environments, post-
exposure changes in absorptance, reflectance, or transmittance may cause signal loss, spectral
variation, or baseline drift. Stable broadband coupling is therefore essential for reliable IR
sensing under harsh thermal conditions.

GaAs is a direct band-gap semiconductor for IR sensing and optoelectronic applications, but
its high refractive index causes substantial Fresnel reflection at the air and semiconductor
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interface.3>~7) Conventional antireflection coatings can reduce this loss through thin-film
interference, although their performance depends on layer thickness, refractive index, incident
angle, adhesion, and thermal expansion mismatch.®?) By comparison, nanostructured GaAs
surfaces can regulate the effective refractive index distribution and optical propagation, thereby
suppressing broadband reflection and enhancing absorption.”-1%-12) In our previous study, dense
and aperiodic p-type GaAs nanotip arrays (GaAsNTs) exhibited near unity hemispherical
absorptance over 250-2400 nm.(!?) The above band-gap response was primarily associated with
nanotip geometry and broadband optical coupling, whereas heavy doping contributed to below-
band-gap NIR absorption. In that study, we established the fabrication, as-prepared morphology,
and room-temperature broadband optical response of the GaAsNT surfaces, but did not evaluate
their optical durability after thermal exposure.

The broadband optical response retained by black GaAs after thermal exposure remains
insufficiently quantified. Studies of high-temperature absorbers and other black semiconductors
have shown that high initial absorptance does not necessarily ensure post-exposure optical
stability.(13-14) Previous microscopic studies examined thermally induced morphological
evolution in individual GaAs nanowires and demonstrated the effects of diameter, crystal
structure, and surface facets on decomposition behavior.(!>16) These studies provide nanoscale
understanding but do not reveal whether thermal changes degrade the area-averaged broadband
response of large-area black GaAs optical interfaces. To the best of our knowledge, the retained
UV-VIS—NIR hemispherical absorptance of black GaAs surfaces after controlled thermal
exposure has not yet been systematically evaluated.

In this study, p-type black GaAsNTs fabricated by self-masked dry etching (SMDE) were
evaluated at the materials level as front optical coupling interfaces for IR sensing. In this context,
the GaAsNT surface is intended to suppress front surface reflection and enhance broadband
optical coupling into the GaAs material. The present study therefore is focused on the materials
-level optical durability of this interface rather than the device level validation of a complete IR
sensor. Hemispherical absorptance over 250-2400 nm was measured for as-prepared samples
and after thermal exposure at 200, 500, and 700 °C for 30 min. All post-exposure spectra were
acquired at room temperature after cooling. NIR absorptance retention was introduced as a
normalized metric for post-exposure optical performance and compared with changes in surface
appearance and morphology. The optical response remained largely preserved after exposure at
200 and 500 °C but degraded markedly after exposure at 700 °C. This work extends black GaAs
research from initial optical performance to post-exposure durability and provides an application
oriented experimental basis for evaluating its suitability as a broadband optical interface for IR
sensing under thermal exposure constraints.

2. Materials

The p-type black GaAsNT surfaces were fabricated on one-side-polished (100) Zn-doped
GaAs wafers by SMDE as reported previously.!%!7) The substrate carrier concentration was
0.5-5x10" cm™3. Because the fabrication procedure, as-prepared morphology, and room-
temperature optical properties were established previously,(!?) the present work is focused on
thermal exposure and post-exposure optical and morphological characterization. The as-
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prepared state was used only as the reference for evaluating retained performance. The exposure
temperatures of 200, 500, and 700 °C were selected as discrete conditions for comparative post-
exposure evaluation, with a fixed duration of 30 min for direct comparison. These conditions
were intended for materials-level screening rather than for reproducing specific IR sensor
operating conditions. Thermal exposure was performed in a vacuum furnace evacuated to
approximately 1 x 107* Torr, followed by nitrogen introduction at 50 sccm to maintain
approximately 0.2 Torr during exposure. After treatment, the samples were cooled naturally to
room temperature inside the furnace. All subsequent optical measurements were therefore post-
exposure measurements and were not performed in situ at the exposure temperatures.

Hemispherical optical properties were measured at room temperature using a UV-VIS—-NIR
spectrophotometer equipped with an integrating sphere (JASCO V-670, Tokyo, Japan).
Hemispherical reflectance R and transmittance T were recorded from 250 to 2400 nm under
normal incidence, and absorptance 4 was calculated as 4 (%) = 100 — R (%) — T (%). All samples
were measured to be approximately 1.0 x 1.5 cm? under identical conditions after cooling. The
preservation of the NIR optical response was quantified using the NIR absorptance retention:
NIR absorptance retention (%) = (Anig post exposure ! ANiRr.as prepared) * 100%.

Here, Anir post exposure A4 ANiR a5 preparea ar€ the average hemispherical absorptance values
over 873-2400 nm after thermal exposure and in the as-prepared state, respectively. A value of
100% indicates the complete preservation of the average NIR absorptance. This normalized
parameter enables the direct comparison of the NIR optical responses retained after different
thermal exposures. Surface morphology was examined by field emission scanning electron
microscopy (FE SEM, JEOL JSM 6700, Tokyo, Japan).

3. Results

Figure 1(a) shows the experimental framework extending our previous room-temperature
characterization of black GaAsNT surfaces to post-exposure evaluation for IR sensor interfaces.
The fabrication process, as-prepared nanotip morphology, and near-unity broadband
hemispherical absorptance were established previously.!%!”) In the present study, these as-
prepared characteristics serve only as the reference baseline, while the new analysis is focused
on the optical and morphological responses retained after thermal exposure. The samples were
exposed at 200, 500, and 700 °C for 30 min, cooled to room temperature, and then measured
using a UV-VIS—-NIR spectrophotometer. Because all spectra were acquired at room
temperature under identical conditions, the observed differences represent optical changes
retained after thermal exposure rather than in situ high-temperature behavior or continuous
operating stability at the exposure temperatures. Accordingly, the three exposure temperatures
were used as discrete comparative conditions and should not be interpreted as specific IR sensor
operating temperatures.

Figure 1(b) shows the room-temperature hemispherical absorptance spectra of the planar
p-type GaAs substrate and black GaAsNT surfaces in the as-prepared and thermally exposed
states. The as-prepared GaAsNT surface exhibited a substantially higher broadband absorptance
than the planar substrate, reaching 99.0, 99.1, and 93.2% at 300, 500, and 2000 nm, respectively
(Table 1). After exposure at 200 and 500 °C for 30 min, the spectra remained close to the as-
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Fig. 1. (Color online) (a) Experimental workflow for thermal exposure and post-exposure optical measurements of
p-type black GaAsNTs. (b) Room-temperature hemispherical absorptance spectra of planar GaAs and black
GaAsNTs before and after exposure at 200, 500, and 700 °C for 30 min. All spectra were acquired at room
temperature after cooling.

Table 1
Room-temperature hemispherical absorptance values of the planar p-type GaAs substrate and p-type black
GaAsNT surfaces at selected wavelengths before and after thermal exposure.

Sample Condition A% (300 nm) A% (500 nm) A% (2000 nm)
p-type GaAs Substrate 55.2 59.0 72.3
p-type GaAsNTs As-prepared 99.0 99.1 93.2
p-type GaAsNTs 200 °C 98.6 98.6 92.2
p-type GaAsNTs 500 °C 98.4 98.4 91.6
p-type GaAsNTs 700 °C 91.6 80.4 70.1

prepared response over 250-2400 nm, with decreases of only 0.4—1.6 percentage points at the
selected wavelengths. In contrast, exposure at 700 °C reduced the absorptance to 91.6, 80.4, and
70.1%, respectively. The larger losses in the visible and NIR regions indicate the deterioration of
the broadband optical coupling relevant to IR sensor interfaces. Thus, under the present 30 min
exposure conditions, the optical response was largely preserved after exposure at 200 and
500 °C but degraded markedly at 700 °C.

Table 1 shows the absorptance values obtained at 300, 500, and 2000 nm, representing the
UV, VIS, and NIR regions, respectively. The planar p-type GaAs substrate exhibited a
substantially lower absorptance than the as-prepared nanotip surface. Changes after exposure at
200 and 500 °C were minor; after 500 °C exposure, the absorptance remained at 98.4, 98.4, and
91.6%. Exposure at 700 °C reduced these values to 91.6, 80.4, and 70.1%, respectively. At 2000
nm, the decrease was 23.1 percentage points, corresponding to a relative reduction of 24.8% and
representing the largest loss among the selected wavelengths.

Table 2 shows the reported absorptance of black GaAs materials in the as-prepared and
thermally exposed states above and below the GaAs band gap (Eg). At room temperature, the
GaAs band gap of approximately 1.42 eV corresponds to an absorption edge near 873 nm.
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Table 2

Black GaAs absorptance values in the as-prepared and thermally exposed states above and below the band gap (Eg).
The corresponding ranges are 250—-870 and 873-2400 nm, respectively, which are based on the room-temperature
GaAs absorption edge near 873 nm.

Wavelength range ~ As-prepared absorptance (%) Post-exposure absorptance (%) Reference
(nm) Above Eg Below Eg Above Eg Below Eg

240-2400 98-100 72-98 - - 18
550-2600 90 - - - 19
400-700 98 - - - 20
375-750 98-99* - - - 21
375-1200 99.5% 96.57* - - 22
300-2000 99 33-60 - - 7
3002400 98-99 38 - - 23
250-2400 98-99.7 92-98 - - 12
250-2400 98-99.7 92-98 98-99 92-96 This work

Note: “*” denotes simulated values. “As-prepared” refers to samples before thermal exposure. For the present work,
the listed post-exposure absorptance values correspond to exposure at 500 °C for 30 min and were measured at room
temperature after cooling.

Accordingly, 250-870 and 873-2400 nm were defined as the above- and below-band-gap
regions, respectively, while the narrow interval immediately adjacent to the absorption edge was
excluded to avoid ambiguity in the transition region. Previous studies generally reported high
above-Eg absorptance for black GaAs, whereas below-Eg absorptance was more variable and
less frequently reported.(-'823 In our previous study, we established an as-prepared
hemispherical absorptance of 98-99.7% above Eg and 92-98% below Eg over 250-2400 nm.(!?)
After exposure at 500 °C for 30 min, the absorptance remained at 98—99% above Eg and 92—
96% below Eg, representing the highest post-exposure values among the studies listed. To the
best of our knowledge, this is the first systematic broadband hemispherical absorptance
assessment of black GaAs across both sides of the band gap after thermal exposure, supporting
its evaluation as a thermally durable optical interface for IR sensing.

To relate the absorptance changes in Fig. 1(b) to surface evolution, the optical appearance and
morphology were examined before and after thermal exposure. Figure 2(a) shows that bare
GaAs changed from gray to dark black after GaAsNT formation, consistent with enhanced
absorptance. The SEM image in Fig. 2(b) shows the dense and aperiodic nanotip morphology of
the as-prepared surface, consistent with our previous characterization.!? This morphology
served as the structural reference for evaluating post-exposure degradation. After exposure at
700 °C for 30 min, the surface became brownish yellow [Fig. 2(c)], consistent with reduced
visible absorptance. NIR degradation was evaluated from the spectra in Fig. 1(b) because it
cannot be determined from surface appearance. The 200 and 500 °C samples are not shown
because their spectra remained close to the as-prepared response and their surfaces remained
dark.

Figure 2(d) shows a cracked boundary between GaAsNT-covered and partially removed
regions. Higher magnification revealed collapsed and damaged nanotips with filament-like
features [Fig. 2(e)], whereas little discernible GaAsNT coverage remained in the adjacent
exposed region [Fig. 2(f)]. These observations indicate the spatially nonuniform degradation of
the nanotip layer and are consistent with the broadband absorptance loss after exposure at 700
°C.
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Fig. 2.  (Color online) Optical and SEM images of p-type black GaAsNT surfaces (a),(b) in the as-prepared state
and (c)—(f) after exposure at 700 °C for 30 min: (a),(c) optical appearance and (b),(d)—(f) surface morphology.

Figure 3 shows the NIR absorptance retention relative to that of the as-prepared state defined
as 100%. The values were calculated from the average hemispherical absorptance over 873—
2400 nm using room-temperature spectra acquired after cooling. The retention remained high
after exposure at 200 and 500 °C, reaching 99.2 and 98.5%, respectively, but decreased to 75.8%
after exposure at 700 °C. This reduction is consistent with the broadband absorptance loss in
Fig. 1(b) and the structural degradation observed in Figs. 2(c)—2(f). The results indicate that NIR
optical coupling relevant to IR sensor interfaces was largely retained after exposure at 200 and
500 °C but degraded markedly at 700 °C. Because intermediate temperatures were not examined,
the transition remains unresolved between 500 and 700 °C. Therefore, 500 °C is the highest
tested exposure temperature with largely preserved NIR performance, rather than a maximum
operating temperature or continuous stability limit.

4. Discussion

In this study, the nanoscale thermal observations of individual GaAs nanowires are linked to
the area-averaged optical response of large-area black GaAs surfaces.(!>19) Broadband
hemispherical absorptance measurements after thermal exposure extend the evaluation from
single nanostructures to the collective behavior of an optical interface. After exposure at 700 °C,
the nanotip collapse, cracking, and partial removal of the nanostructured layer coincided with
pronounced optical degradation. These structural changes may disrupt the gradual effective
refractive index transition and optical propagation, suggesting a structural contribution to the
absorptance loss. However, their quantitative contribution remains unresolved, and possible
compositional or electronic changes cannot be excluded on the basis of the present data. The
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Fig. 3. (Color online) NIR absorptance retention of p-type GaAsNT surfaces after 30 min thermal exposure. The
shaded region indicates the unresolved transition interval between 500 and 700 °C; the line is a guide for the eye.

post-exposure optical response measured at room temperature remained largely preserved after
30 min exposure at 200 and 500 °C but degraded markedly after exposure at 700 °C. Because
intermediate temperatures were not examined, the transition between 500 and 700 °C remains
unresolved, and 500 °C should be regarded only as the highest tested exposure temperature with
preserved optical performance. These results provide preliminary materials-level guidance for
thermal exposure conditions and protective optical interface design for IR sensing. However,
absorptance retention reflects only the preservation of optical coupling at the material interface
and does not directly establish detector responsivity, noise performance, detectivity, or overall
sensor reliability. Furthermore, the present findings are limited to a single 30 min exposure
under reduced-pressure nitrogen conditions and do not establish durability in air or oxidizing
atmospheres, under repeated thermal cycling, or during continuous high-temperature operation.
Further materials characterization and device-level evaluation are needed to relate structural
evolution and absorptance retention to sensor performance.

5. Conclusions

In this study, the evaluation of black GaAs nanotip surfaces from as-prepared optical
properties is extended to broadband response after thermal exposure. The post-exposure optical
performance measured at room temperature was largely retained after 30 min exposure at 200
and 500 °C, whereas exposure at 700 °C resulted in pronounced absorptance loss and
morphological degradation. These results provide an application-oriented materials-level basis
for evaluating the suitability of black GaAs surfaces as front optical coupling interfaces for IR
sensing under the tested thermal exposure conditions, rather than a validation of a complete IR
sensor device.
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