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Proton radiation effect on GaAs/AlGaAs core—shell ensemble
nanowires photo-detector
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We demonstrate that the GaAs/AlGaAs nanowires (NWs) ensemble is fabricated into photo-detectors. Current—
voltage (I-V) characteristics are measured on GaAs/AlGaAs core—shell ensemble NW photo-detectors at room-temperature
before and after 1-MeV proton irradiation with fluences from 1.0 x 10! cm™2 to 5.0 x 10'# cm~2. The degradation of
photocurrent suggests that the point defects induced by proton radiation could cause both carrier lifetime and carrier mo-
bility to decrease synchronously. Comparing with a GaAs quantum well, the degradations of light and dark current for the
irradiated NWs photo-detector indicate that NWs material is a preferable potential candidate for space applications.
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1. Introduction

There has been a fast development and application of
GaAs nanowires (NWs) in optoelectronics with recent ad-
vances in NW growth and fabrication techniques. It is im-
portant to study the radiation tolerances of optoelectronic
nano-devices for atomic energy and space-based applica-
GaAs/AlGaAs core—shell NWs have been widely
studied in a broad range of optoelectronic devices, such as

tions.

light-emitting diodes,!"! laser diodes,>3! solar cells,*°! and
photodetectors®7! working towards the energy conservation
as well as environment protection. Moreover, GaAs offers rel-
atively high efficiency and the possibility of higher radiation
resistance as an alternative material to silicon,!8! with over-
all better performance.[®! Despite these advances, still an un-
certainty persists in the roles of point and cluster defects that
may be present at exceedingly high density which may destroy
the semiconductor devices in the presence of a radiation envi-
ronment, such as space and an atomic energy field. Because
materials used in the units relating to the radiation environ-
ment mentioned above must withstand long-term operation in
strong radiation fields, it is well known that nano-material and
nano-devices, such as quantum dot!'%! and quantum well,['!]
possess radiation hardness intrinsically.!'>~'>) However, nano-
material has a relatively profound radiation effect, which de-
rives from its nano-structure combining unique electronic and
optoelectronic properties. Although the proton irradiation-
induced intermixing effect in GaAs—AIGAs quantum well has

been investigated by Tan er al.,!16-18]

an essential explanation
of understanding has not been explored yet due to a lack of
systemized theory and data studied on GaAs NWs. There-

fore, it is significant to develop the radiation effect on NWs
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theoretically and experimentally in order to understand this
corresponding area. In this work, the /-V characteristic mea-
surements are carried out to study the proton induced damage
to GaAs/AlGaAs core—shell ensemble NWs-fabricated photo-
detectors.

2. Experimental details

All the samples and equipment used in this study were
provided/supported by the Semiconductor Optoelectronics
and Nanotechnology Group of the Department of Electronic
Material Engineering, Australian National University. The
growth of GaAs/AlGaAs core—shell NWs, morphology and
characteristics have been described by Joyce et al.!'”! and
Jiang et al.’”! GaAs/AlGaAs/GaAs core—shell-cap NWs
grew on a p+-doped GaAs, and targeted for NWs with a nomi-
nal height of ~ 3 pm and diameter of 50 nm for the NWs core
in this work.

Fig. 1. SEM image of GaAs/AlGaAs/GaAs core—shell-cap NWs grown
vertically on p™-doped GaAs substrate. Scale bar is 2 pum.

The scanning electron microscope (SEM) image of the
NWs is shown in Fig. 1. The NW photo-detectors fabrica-
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tion and proton irradiation process have been mentioned in
Ref. [21]. One point which should be emphasized is that all
measurements after irradiation were performed without an an-
nealing process. Dark and light /-V characteristics of the NW
photo-detectors at room-temperature were measured by using
a 250-Watt tungsten lamp as the white illumination source (for
light /-V) and a KEYSIGHT B2902A precision source. The
irradiation fluence (¢) was in a range from 1.0 x 10'3 cm =2 to
5% 10" cm~2 in this study.

3. Results and discussion

The radiation effects on the photocurrent and dark current
of a GaAs/AlGaAs core—shell NWs photo-detector at room
temperature of 1-MeV protons are shown in Figs. 2(a) and
2(b), respectively. With the increase of fluence, the number
of defects rises, which causes more carriers to be trapped,
thereby weakening the thermal transition process. This is re-
flected in the curves in Fig. 2(b) which shows that the dark
current for the device decreases with irradiation fluence. How-
ever, defects generated from irradiation are also able to cap-
ture the photo-generated carriers which will then lead to lower
photocurrent.?!]
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Fig. 2. (color online) Plots of (a) light and (b) dark /-V charac-
teristics versus voltage at a 1-MeV proton irradiation fluence for the
GaAs/AlGaAs/GaAs core/shell/cap NW photo-detector.

On the other hand, figure 2(a) shows that with increas-
ing irradiation fluence, the photocurrent is reduced. Both dark
conductivity and photoconductivity measurements were car-
ried out by measuring the DC current with applied bias 1 V.

The dark conductivity and photoconductivity versus proton ir-
radiation fluence are displayed in Fig. 3.
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Fig. 3. (color online) Plots of measured dark conductivity and pho-
toconductivity versus irradiation fluence at applied bias 1 V for the
NW photo-detector. The fluence at 0 means the conductivity of pre-
irradiation.

To directly study the radiation tolerance of the NWs
photo-detector in terms of device performance, the operabil-
ity of devices, which could be determined by the photocur-
rent reduction, is defined and used to evaluate the degrada-
tion degree (shown in the following Fig. 4). Technically
the reduction of photocurrent could be used for represent-
ing the merits of the photo-detector, such as photoconductiv-
ity and responsivity with respect to those of post-irradiation.
Because Ipn(9)/Ipn (0) = 0pn(@)/0pn(0) = Ry (9)/Ry(0) ~
(@)1 /Toto, where Iy (@) and I, (0) denote the post- and
pre-irradiation photocurrent respectively, opn(¢) and oy (0)
are the post and pre-irradiation photoconductivity respectively,
7(¢) and 1y the post and pre-irradiation lifetime respectively,
R),(p) and R; (0) the post and pre-irradiation responsivity, re-
spectively. Accordingly, the definition of responsivity is the
ratio of the photocurrent Iy, to the incident light power P, at a
given wavelength and given by R = I, /Py.

The decrease in minority carrier lifetime causes sev-
eral important optoelectronic device characteristics to change,
such as light current, responsivity, and response time. Many
of these parameters can be explicitly expressed as a function
of light current. For a photo-conductive device, the photocur-
rent could be given by I, = g@1qg, where ¢ is the incident
number of photons per second, and Ny = (1 — e 2*)/2 is the
absorption quantum efficiency, where « is the absorption co-
efficient corresponding to the material structure and property,
and [ is the length of active region. The photoconductive gain
is defined by g = Tine/7r1??! and the transit time for the carri-
ers to cross the detector active region is 7p = I/UE, where E is
the electric field. Apparently in the light current the quantum
efficiency represents the photo-generation process and photo-
carrier gain represents the transportation process. One point
that should be noted is that the optical absorption is propor-
tional to carrier density (AN /Ny = Aa./ o, where AN and Ao
are the variations of the carrier concentration and absorption
coefficient after irradiation, o is the absorption coefficient
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pre-irradiation).[>3] The displacement damage effect on ab-
sorption quantum efficiency only plays a minor role in the light
current when the irradiation fluence is relatively low. Hence,
the photocurrent can be described as Iy, o< Ticit, which con-
siders the minority carrier lifetime and mobility that are the
decisive parameters with respect to the displacement damage
effect on the light current.

8 100§ -——mmmmmmmmmmmmmmm oo R
.= *
= \
Z \
ES :
= 3
3 \
g 1071} !
=}
2 \
2 1
Ly - - fitting '
S * normalized photoconductivity \‘"t
=

102 L L 1
T 10° 1010 1015
=

Proton fluence/cm~2

Fig. 4. (color online) Normalized photoconductivity of NWs photo-
detector is plotted versus irradiation proton (1 MeV) fluence, the dashed
line is according to the fitting formula and x is the measured data which
is extracted from light current /-V curve at —0.5 V. (Goodness of fit:
SSE ~ 0.001706, R-square ~ 0.9977).

The effect of displacement damage on carrier mobility is
also considered as an important factor, particularly in opto-
electronic device operation. The carrier mobility is expressed
as 1/u ~ 1/po + K, 9,** where p and o are the post-
irradiation and pre-irradiation mobility, respectively. K}, is the
majority carrier mobility damage coefficient. In terms of car-
rier lifetime, the corresponding damage coefficient K; is usu-
ally defined as 1/7(¢) = 1/7% + K;¢ with 7(¢) and 7y being
the post- and pre-irradiation lifetime, respectively.** Origi-
nally the minority carrier lifetime of NWs of pre-irradiation
is 70 ~ 0.32 x 1077 s, and the carrier mobility is p ~ 1.0 x
103 cm?-V~1.s7! 2!l Taking into consideration both minority
carrier lifetime 7(¢) degradation and carrier mobility (@)
damage, the normalized photoconductivity can be plotted and
fitted in Fig. 4, with fitted parameters K; ~ 6.20 x 1073 cm?-s,
and K, ~ 1.99 x 10~!7 V -s. Tt should be pointed out that in
the light conditions, the carrier mobility damage coefficient is
approximate to the one in the dark conditions,>!) which in-
fers that the damage coefficient of carrier mobility is stable
under the irradiation of photons. The fluence-dependent 7(¢)
and p(¢@) are shown in Figs. 5(a) and 5(b), respectively. The
tendencies of decrease in both minority carrier lifetime and
carrier (electron) mobility look similar and are consistent with
that of the degradation of light current.

Remarkable decline in the photoconductivity of the de-
vice, when ¢ > 1.0 x 10'> cm~2, is mainly due to both car-
rier lifetime and mobility decreasing. On the other hand, in
terms of the band-to-band photoconductivity, the change in
carrier concentration derived from photo-excitation is influ-
enced by irradiation damage that is different from the scenario

of the dark current. The degradation of photocurrent indicates
that the proton radiation induced point defects cause both the
minority carrier lifetime and carrier mobility to decrease syn-
chronously. In addition, it provides a new approach to inves-
tigating the minority carrier lifetime and the point defect be-
havior in the nanowire. Comparing with the 2-pum-thick GaAs
heterostructure of GaAs film with a carrier lifetime damage
coefficient of ~ 7.93 x 103 cm?-s under irradiation of 1.2-
MeV protons (two orders higher than NWs), GaAs film has
radiation resistance less than GaAs NWs in resisting proton
irradiation.[>>! Although all the parameters that are affected
by the irradiation are measured independently, as long as the
dark conductivity and photoconductivity are concerned, more
specific experimental data to discriminate those factors are
required to clarify the whole mechanism needed to be per-
formed. Future work is expected to focus on a single NW
device to gain a more specific understanding of each parame-

ter independently.
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Fig. 5. (color online) Plots of (a) carrier lifetime and (b) carrier mobility
degradation versus proton irradiation fluence, showing that both param-
eters in this photo-detector decrease with fluence in a similar manner.

It is well known that the quantum well (QW) is another
important nanostructure. So far, in terms of GaAs, the quan-
tum well infrared photo-detector (QWIP) is the only nano-
device that has been studied in the ion irradiation effect. 26!
Comparing the radiation tolerance of the NW photo-detectors
(NWPDs) with that of QWIPs, the variations of operability
of the devices with irradiation fluence are shown in Fig. 6.
The operability of the device is defined by photoconductiv-
ity/responsivity reduction (e.g., if the photocurrent at a spe-
cific voltage is reduced by a factor of 10, the operability is
0.1). Generally the QWIP is grown by molecular beam epi-
taxy, and it has a 0.8-um-thick bottom contact layer GaAs,
a 32-repeat multiple QW structure with 36-nm wide AlGaAs
barriers and 7.5-nm wide GaAs wells, a 0.4-um-thick GaAs
top contact layer, and the device is irradiated from the top in
a vacuum at room temperature, therefore the energetic pro-
tons will penetrate to a depth of 2.6 um totally from the top
contact layer to the bottom. It has been known that in an en-
ergy range from keV to MeV, protons with lower energy will
create more damage in GaAs due to the nuclear interaction.
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Therefore, the plot of QWIP operability versus fluence un-
der 1-MeV proton irradiation should be located between the
curves of 0.8 MeV and 3 MeV. While the curve of degrada-
tion of the NW photo-detector is plotted between the curves
of 3 MeV and 10 MeV, which suggests that the NW optoelec-
tronic device performance reduces less than its QW counter-
part in resisting proton irradiation.
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Fig. 6. (color online) Plots of photo-detector operability versus proton
fluence for both QWIPs and NWPDs. Data for QWIPs are cited from
Ref. [26].

4. Conclusions

In this work, we characterize the GaAs/AlGaAs NW
photo-conductive detectors irradiated by different fluences of
protons. The irradiation induced damage mainly causes the
optoelectronic performance to degrade for NW detectors. The
result indicates that both of the carrier lifetime degradation and
carrier mobility reduction are the main factors that cause the
operability of the device to decrease. The comparison of op-
erability between devices also indicates that GaAs NWs likely
show better radiation tolerance than GaAs QWs in resisting
proton irradiation.
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