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High-performance terahertz (THz) detectors are in great need in the applications of security,
medicine, as well as in astronomy. A high responsivity p-GaAs homojunction interfacial workfunc-
tion internal photoemission (HIWIP) detector was demonstrated for a specific frequency (5 THz)
below the frequency of the Reststrahlen band. The experimental results indicate that the optimized
detector shows significant enhancement of the response below the Reststrahlen band in contrast to the
conventional detectors. With the bottom gold layer serving as a perfect reflector, nearly 50% incre-
ment of responsivity and quantum efficiency was obtained further due to the cavity effect. Though
very simple, such reflector design shows a satisfactory effect and is easy to be realized in practical
applications. The resultant peak responsivity of the detector with a bottom reflector could be as high
as 6.8 A/W at 1V bias. The noise equivalent power is 2.3 X 10’12W/HZ'/ 2. Due to the absorption
ability to normal incident light and high responsivity, the p-GaAs HIWIP detector is promising for

the focal plane array and large-scale pixelless imaging applications. Published by AIP Publishing.

https://doi.org/10.1063/1.5061696

Terahertz (THz) detectors have gained more attention and
been intensively explored recently, thanks to their numerous
applications in security, medicine, biology, astronomy, and
non-destructive materials testing." In view of the availability
of the mature material and processing technology, GaAs-based
detectors are widely used for THz detection. However, strong
absorption by the optical phonons of GaAs causes a dark
region in 32-36 meV (7.8-8.7 THz), which is known as the
Reststrahlen band and limits the photon detection in this
region.>* Moreover, the frequency of most of the state-of-the
art THz sources is in the region below the frequency of the
Reststrahlen band of GaAs.> Therefore, it will be more mean-
ingful to make a study of GaAs-based THz detectors below the
Reststrahlen band for practical applications.

As a natural extension of traditional infrared (IR) quan-
tum well photodetectors (QWPs), THz QWP is a formidable
competitor benefiting from its rapid intrinsic response speed
and flexible wavelength coverage.>*® However, according to
the intersubband transition (ISBT) selection rule, only light
polarized in epitaxial growth direction can lead to the absorp-
tion of n-type QWPs. This feature requires an extra grating
design for the THz QWPs in practical applications, which
makes the device fabrication complicated and increases the
extra cost.”® An innovation of the THz QWP was reported in
2015, in which an antenna-coupled microcavity geometry was
adopted.”'” The responsivity for this complicated structure
QWIP was greatly improved to ~5 A/W due to the antenna
gain and the microcavity effect. However, the high cost of the
double-metal cavity structure may be a huge challenge for
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large scale applications. Another promising candidate is the
quantum dot-in-well infrared photodetector (DWELL) based
on p-type intersubband transition. This has been recently
demonstrated to exhibit a THz response up to 4.28 THz at
high temperatures (100 K—130K) with normal incidence.""
Unfortunately, the responsivity of the DWELL in the THz
range is only at the level of ~mA/W.

The detector based on the concept of homo-junction inter-
facial workfunction internal photoemission (HIWIP) has been
a competitive detector for THz detection because of its wide
spectrum response coverage, clear physical mechanism and
tailorable cutoff frequency (f.).'> Compared with QWPs, the
greatest advantage of HIWIP is that it allows normal incidence
absorption, which provides significant simplification in the fab-
rication of a large focal plane array.'? In the past 20 years, both
of p-type and n-type GaAs HIWIP detectors have been
achieved."*™” And, almost all of the detectors showed higher
responsivity (>1 A/W) and detectivity than QWIPs (edge cou-
pled and grating coupled) or DWELL detectors (<0.2 mA/W)
in the THz band. But even so, the performance is still required
to be further improved as possible. High responsivity is helpful
to increase the operation temperature which limits the practical
application for most of the semiconductor THz detectors.
Several theoretical studies show significant improvement of
the quantum efficiency (1) due to the cavity effect, if a pair of
reflectors or a bottom reflector (BR) is applied to the n-GaAs
HIWIP detector.'®!” However, direct experimental support has
not been given till now.

In this paper, we demonstrate a high-performance p-
GaAs HIWIP detector for a peak specific frequency (5 THz)
below the frequency of the Reststrahlen band. First, the
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Fresnel matrix method was used to optimize the structural
parameters. Then, the detector was grown and fabricated
accordingly. The optimized detector shows significant enhance-
ment of the response below the Reststrahlen band compared
with the conventional detector. Finally, in order to further
improve the 7, extra light propagating to the substrate is uti-
lized with a reflector formed by a gold layer evaporated to the
bottom of the device. Though very simple, such a cavity struc-
ture shows a satisfactory effect and leads to ~50% further
enhancement of the responsivity and #, which gives direct
experimental support of the cavity effect in the THz range.

The structural diagram of the p-GaAs HIWIP detector is
shown in Fig. 1(a). From the top to the bottom of the mesa,
the function layers are the top metal electrode, the top con-
tact layer, the top emitter layer, periods of emitter/intrinsic
layers, the bottom intrinsic layer and the bottom contact
layer. A window opens on the top side for front-side illumi-
nation. The basic structure is the multi-period emitter/intrin-
sic layer, where the emitter layers are highly doped. The
detection mechanism of the p-GaAs HIWIP detector is
shown in Fig. 1(b). Free carrier absorption of infrared radia-
tion occurs in the highly doped emitter layers followed by
the internal photoemission of photoexcited carriers. Then,
the photoexcited carriers across the intrinsic barrier are col-
lected under an electric field (see supplementary material).

To obtain a high-performance p-GaAs HIWIP detector,
optimal parameters are needed. The range of the spectral
response for p-GaAs is restricted by the activation energy (A)."
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According to the high density (HD) theory,lz’14 the calculated
relation of AE, (difference in the valence band edge between
the emitter layer and the intrinsic layer), Er(Fermi level), A, /.
with the doping concentration at V;, =20mV, T =4.2K is
shown in Fig. 1(c). However, the light-heavy hole transition
effect? reveals that the HD theory will become invalid at high
doping levels [>2 x 10cm™3, the dashed area in Fig. 1(c)].
Thus, we choose Ny = 1 x 10”cm™3, corresponding to the
cutoff frequency of ~3.5 THz. The impact ionization theory
gives the period number N < 21 as a limit.'” Therefore, we set
the number of multilayer periods as N = 20.

According to the detection mechanism of the HIWIP
detector,'” the thicknesses of the emitter layer (d,) and the
intrinsic layer (d;) would affect the internal photoemission
efficiency (7,,) and the collection efficiency (7.) of the bar-
rier. In addition, d, and d; also determine the optical distribu-
tion in the active region. The Fresnel matrix method'®?' was
introduced to calculate the light absorption and propagation
in the multilayer structure. We set the operation temperature
as 4.2 K, the applied bias voltage as Vj, = 20mV and the fre-
quency of incident light as 5THz (60 um). The calculated
relationship of d,, d; and #u is shown in Fig. 1(d). The #5
reaches a maximum at d, = 17 nm, d; = 196 nm.

The wafers were grown according to the optimized
device parameters by MBE technology on a semi-insulating
substrate. Square mesa structures with various areas from
400 x 400 um? to 1 x 1 mm? were fabricated using optical
lithography and wet-chemical etching. An unoptimized
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FIG. 1. (a) The structural diagram of
the p-GaAs HIWIP detector with BR,
(b) the band diagram and the detection
mechanism of the p-GaAs HIWIP
detector, (c) the calculated concentra-
tion dependence of AE,, Er, A, and A.
at V, =20mV, T = 4.2K, (d) the cal-
culated result of n at different thick-
nesses of the emitter layer (d,) and
different thicknesses of the intrinsic
layer (d;) of the detector structure
without a bottom reflector.
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p-GaAs HIWIP detector with a similar cutoff frequency was
also fabricated to serve as a reference sample.'” The cutoff
frequency of these two samples is 3.47 THz (optimized) and
3.57 THz (unoptimized), respectively. According to our previ-
ous theoretical studies, the efficiency of the HIWIP detector
would be improved obviously if a resonant cavity structure is
applied."®"'® In order to make use of the extra light propagat-
ing to the substrate and further improve the #, a 100 nm gold
layer was evaporated at the back of the device to serve as a
reflector and evaluate the cavity effect of the device.

The dark current-voltage characteristics at different tem-
peratures are shown in Fig. 2(a). The dark current (i;)
increases rapidly with increasing temperature for a given bias
voltage. The discrepancies at low temperatures are due to dif-
ferent field emission currents caused by different intrinsic
layer thicknesses (see supplementary material). The photocur-
rent spectrum of the optimized detector measured at different
bias voltages is shown in Fig. 2(b). The unoptimized detector
is also shown in the inset as a reference for comparison. Both
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FIG. 2. (a) Experimental dark current of characteristics under different bias
voltages. (b) Infrared photocurrent spectrum of the optimized HIWIP detec-
tor under different bias voltages (relevant electric fields are about 1.37, 1.68,
1.99, and 2.24 kV/cm, respectively) at 3.4 K. The inset shows the photocur-
rent spectrum of the unoptimized HIWIP detector under different bias vol-
tages (relevant electric fields are about 1.39, 1.74, 2.04, and 2.48 kV/cm,
respectively) at 3.4 K. The vertical dashed lines shown in the inset indicate
multiple phonons.?*??
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of the samples show a strong bias dependence. However, the
bias could not be increased infinitely as the dark current
increases with the bias and the response will saturate at a high
bias.'® The deep valley between 270 and 300cm ' corre-
sponds to the transverse optical phonon energy in GaAs
(Reststrahlen band). In contrast to the unoptimized detector,
the spectral response of the optimized one showed significant
enhancement below the Reststrahlen band. The apparent peak
frequency (fp) is below the frequency of the Reststrahlen band,
whereas fp in the unoptimized one and nearly all the other
HIWIP-detectors reported before is above the Reststrahlen
band. It should be noted that the photo-response of the detector
is affected by the optical field distribution, the internal photo-
emission efficiency 7, and the collection efficiency #,. simulta-
neously. The improvement in the low frequency region is
mainly due to the enhanced optical distribution in the active
region. The reduction in the high frequency region is because
of the smaller #,, 1. and the relatively low optical field (see
supplementary material). The remarkably reproducible spike
response at 5.1 THz (170cm™") is from 1s — 2p transition
from impurity absorption of the Be acceptor.”* This was not
observed in the unoptimized one because the response is
extremely weak below the Reststrahlen band and 5.1 THz is
very close to the cutoff frequency of the detector. Besides, the
unoptimized structure may also cause the poor distribution of
light in the emitter layer.

Figure 3 shows the experimental variation of the respon-
sivity and #n with the bias and the wavenumber for the unopti-
mized and optimized detectors, respectively. The mesa depth of
the optimized detector is about twice that of the unoptimized
one. So, the bias voltage applied to the optimized detector
should be twice as that of the unoptimized one to ensure the
same electric field in the active region. The calibrated respon-
sivity (R) [Fig. 3(a)] and the corresponding # [Fig. 3(b)] of the
unoptimized detector show high response above the
Reststrahlen band, which agrees with the previous results.!”
The response range above the Reststrahlen band is from
300cm™' to 680cm™', and shows a peak response at
610cm ™. In contrast, R [Fig. 3(c)] and # [Fig. 3(d)] of the opti-
mized detector show higher photon response efficiency below
the Reststrahlen band. R below the Reststrahlen band of the
optimized detector is about one order of magnitude higher than
that of the unoptimized one under the same electric field, which
indicates that the optimized structure not only determined the
response frequency of the detector, but also improved the pho-
toresponse efficiency. The remarkable response at 170cm ™'
actually resulted from the combined effect of impurity absorp-
tion of the Be acceptor and free-carrier absorption of the emitter
layer. It should be noted that the impurity absorption of the Be
acceptor would not influence our optimization because the gen-
eral responsivity below the Reststrahlen band itself is higher
than that above the Reststrahlen band even without the impurity
absorption.

The cavity effect of the device with the BR in the THz
region was evaluated by spectral response measurement.
Experimental variation of the responsivity (R) and » with the
bias and the wavenumber for the detector with BR is shown
in Figs. 3(e) and 3(f). The mapping results really show some
improvement of photoresponse for the detector with the BR.
The resultant peak responsivity of the optimized detector
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FIG. 3. Variation of (a) and (c) Responsivity and (b) and (d) 1 (7 = hvR/q) with the bias and the wavenumber for the unoptimized and optimized p-GaAs
HIWIP detectors, respectively. Also shown are the (e) responsivity and (f) 77 of the optimized p-GaAs HIWIP detector with BR.

with BR could be as high as 6.8 A/W at 1V bias. The corre-
sponding 7 also shows some enhancement compared with the
detector without BR. For clarity, R and # at a specific bias
voltage (0.61 V) for detectors with BR (red line) and without
BR (blue line) are presented in Figs. 4(a) and 4(b). Significant
enhancement was achieved for the detector with BR at the
same bias voltage. The light travelling to the substrate could
be effectively used in the structure with BR. The increment of
the # obtained from the experiment is not as obvious as that
predicted by the previous theoretical calculation.'® This may
be caused by the absorption of the thick substrate (~640 um).
Once lapping and polishing the substrate thinner, the R and
of the detector will be much higher. Furthermore, the bias

dependent peak responsivity (Rp) and the corresponding NEP
(NEP = iy/Rp) for the two detectors (with and without BR)
are presented in Fig. 4(c). These results show a maximum
improvement of 50% for the responsivity at a bias of 0.61 V.
The resultant peak responsivity of the optimized detector with
BR could be as high as 6.8 A/W. And, the minimum NEP
for the two detectors are 2.3 x 1071 w/ Hz!/? (with BR) and
3 x 1072 W /Hz!/? (without BR), respectively.

The high-performance p-HIWIP detector can be imple-
mented in a hybridized focal plane array, in which the GaAs
substrate is usually completely removed.”” Beyond that,
another potential possible application of the detector is the
large area integrated HIWIP-light emitting diode (LED)
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FIG. 4. (a) Responsivity and (b) 1 of the p-GaAs HIWIP detector with BR (red line) and without BR (blue line). (c) The bias dependent peak responsivity
(with error bar) and the corresponding NEP for the two p-GaAs HIWIP detectors (with and without BR).

pixelless imaging devices.”® The normal incidence absorp-
tion simplifies the structure of the HIWIP-LED pixelless
imaging devices and makes it more compact. This may have
more advantages over the THz QWP-LED, which needs a
special design for the grating coupler owing to the intersub-
band transition selection rule.?’

In conclusion, we demonstrated a high-performance p-
GaAs HIWIP detector for a specific frequency (5 THz) below
the Reststrahlen band of GaAs. First, the Fresnel matrix
method was used to optimize the structural parameters of the
detector. Then, the optimized detector was grown and fabri-
cated accordingly. Incontrasttothe conventional GaAs
HIWIP detectors, the optimized one shows significant
enhancement of the response below the Reststrahlen band.
The responsivity of optimized GaAs HIWIP detectors could
be as high as 6 A/W, which is also much higher than QWIPs
(edge coupled and grating coupled) and DWELL. Finally, by
a very simple cavity design, which can be easily fabricated
for practical applications, the performance of the p-GaAs
HIWIP detector is further improved. A bottom gold layer is
applied to serve as a BR for the device, which shows nearly
50% enhancement in responsivity compared with the device
without BR. The resultant peak responsivity of the optimized
p-GaAs HIWIP detector with BR could be as high as 6.8 A/
W at 1 V. The NEP of 2.3 x 10712 W/Hz!/? is demonstrated.
Such a design method could be applied to the HIWIP detec-
tor operating at other peak frequency.

See supplementary material for the detection mecha-
nism, the dark current mechanism, experimental details, and
simulation results of the optical field distribution in the
active region of the devices.
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