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Novel Antenna-Integrated Photodiodes With Strained
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Abstract—We present experimental results on the performance
of antenna-integrated photodiodes intended for use as photomixers
to provide a tunable broadband source of terahertz (THz) radia-
tion. In a balanced strain-absorber structure, we show that the
introduction of strain has proved effective in enhancing the per-
formance at frequencies above 500 GHz. A comparison of strained
and unstrained devices confirms this claim. These structures are
integrated with a range of antennas, including log periodic and
slot–horn types, designed for wideband THz emission. Using the
devices as photomixers for the outputs from a DFB laser and an
external cavity laser in the 1550 nm telecom window, tunable emis-
sion is demonstrated over the range from 100 GHz to 1.8 THz.

Index Terms—Photodetectors, planar antenna, strain,
submillimeter-wave generation.

I. INTRODUCTION

R ECENT years have seen considerable research interest in
novel means of generating and detecting terahertz (THz)

radiation using optoelectronic devices (for a review, see [1]).
One promising approach that has attracted much attention is
based on the quantum cascade laser (QCL), which offers the
prospect of a compact electrically pumped continuous source of
radiation in the range 1–5 THz. However, while QCL lasers have
demonstrated relatively high output powers [1], the problem of
operation at room temperature remains unsolved; a review of
this aspect is given in [2], where it is noted that the optimum
QCL emission frequency for high-temperature operation ap-
pears to be around 3 THz. Currently, operation at 186 K for
3.9 THz emission [3] based on a diagonal design is the highest
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temperature yet achieved, although the use of a strong magnetic
field has pushed the operating temperature to 225 K for emis-
sion at 3 THz [4]. Another contender for a compact solid-state
source of THz radiation is the approach of photomixing of op-
tical signals from two room-temperature semiconductor lasers
emitting near the telecom wavelength of 1550 nm. Photomixers
that have been used include conventional photodiodes [5] and
photoconductors [6], but the most promising approach to date
is based on the unitravelling-carrier (UTC) photodiode [7]. The
latter has been used to generate an output power up to 25 μW at
0.9 THz [8], which represents the highest power generated by a
photomixer source at this frequency to date.

Recent research has focused on optimization of the UTC
device structure and doping with the objective of increased
frequency response and enhanced output saturation [9]–[13]. In
our previous work [11], we found that enhanced performance
could be obtained by using reduced doping in the absorber
of a conventional UTC, leading to a structure where both
electrons and holes contribute to the photocurrent termed a
“composite p-i-n” (CPIN). A schematic band diagram for a
CPIN is shown in Fig. 1. We also found that type-II conduction
band line up with materials based on GaAsSb-InP [14] led to
improved performance, although the low electron mobility in
lattice-matched Sb materials restricted the improvement to thin
absorbers only (<50 nm). However, experimental work has
shown this material system to be challenging in terms of growth
and fabrication. We thus propose an alternative approach for
enhancing performance by incorporating lattice strain in the
absorber of an InGaAs/InP CPIN photodiode. Strain has been
widely used in optimizing the performance of various devices,
particularly in conjunction with quantum-confined structures
(see e.g., [15]). While strain has been used to enhance the
spectral response of photodetectors [16], we are not aware
of reported use to enhance their high-frequency performance,
where the introduction of strain offers some additional device
engineering advantages, which are as follows.

1) Strain between layers leads to a variation in band lineup,
offering the prospect of reducing the conduction band
step between an InGaAs absorber and the collector, thus
leading to pseudo-type-II behavior.

2) Tensile strain leads to light-hole–heavy-hole splitting in
the valence band, and for a CPIN where both electrons and
holes contribute to performance, this offers the prospect
of enhanced hole mobility and transport in the depleted
p-type part of the absorber.

3) Tensile strain leads to bandgap reduction and compres-
sive strain leads to increased bandgap, thus offering the
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Fig. 1. Schematic band diagram of a CPIN.

prospect of tailoring the bandedge across an absorber to
enhance carrier transport.

With reference to the device schematic in Fig. 1, we seek to
gain best advantage from these effects by forming a balanced
strain absorber; near the grading layers and where the p-layer
is depleted, we grow a tensile strained region, near the electron
diffusion blocking layer, we grow a compressive strained region,
while overall, the strain is balanced across the structure. Such
an approach offers the prospect of near type-II behavior with a
high-mobility InGaAs material system, graded bandgap across
the absorber, and enhanced electron confinement in the absorber.
We investigated the efficacy of this approach in two different
device-antenna structures, as described in Section II. In Section
III, the experimental setup is described, while results for the
two structures are given in Section IV. We previously published
some initial device results [17], but here, we present the novel
use of strain with new and more detailed results.

II. DEVICE DESCRIPTION

Initially, two epitaxial device wafers were grown by CIP on
semi-insulating (SI) InP substrates using metallorganic vapor-
phase epitaxy (MOVPE). With reference to the schematic in
Fig. 1, both samples had a 75-nm-thick InGaAs absorber layer.
However, in one wafer, the absorber layer was unstrained, while
in the other, the InGaAs was strained with a linear gradation
from a compressive strain at the top of the absorber layer to a
tensile strain at the bottom of the absorber layer (this difference
was confirmed post growth by X-ray rocking curve analysis).
In both cases, quaternary InGaAsP p- and n-contact layers were
employed with the latter also functioning as a passive optical in-
put waveguiding layer, which evanescently coupled light to the
detector. The strained wafer (designated AX1652) employed a
145-nm-thick n-InP collector layer beneath the absorber layer
with 20 nm of n-InGaAsP intermediate lattice-matched qua-
ternary transition layers (doped 5 × 1016−2 × 1017 cm−3) in
between the collector and absorber bringing the total intended

depletion thickness to 190 nm. In the unstrained wafer (grown in
a different MOVPE growth machine and designated MW1278),
the n-InP collector layer was 5 nm thicker and the n-InGaAsP
transition layers in between the collector and absorber were 12
nm thicker than in the strained wafer. In each case, the collector
was intentionally doped at ∼ 5 × 1016 cm−3 , and overall, the
doping levels of the n-type grading and collector layers in the
two wafers were chosen such that the device would be fully de-
pleted at zero-applied bias. In both cases, the top p+ 50 nm of
the absorber layer was intentionally doped at ≥ 1 × 1018 cm−3 .
However, in the unstrained wafer (MW1278), the bottom p− 25
nm was not intentionally doped. Since Zn will diffuse during
the wafer growth process, this latter region will end up lowly p-
doped (estimated to be in the range 3 × 1016−5 × 1016 cm−3),
the extent of the diffusion being limited by the n-type grading
layers. In the strained wafer (AX1652), the bottom p− 25 nm
was doped at 5 × 1017 cm−3 . With both of these structures, the
absorber doping is designed for device operation where both
holes and electrons contribute to the photocurrent (a CPIN, as
reported in [11]). This contrasts with a conventional UTC (see
e.g., [7]), where the absorber is uniform and highly p-doped
and only one carrier type, typically electrons, contributes to the
photocurrent. Another difference was that the doping level in
the n-contact/buffer layers was higher in the strained wafer. The
strain in wafer AX1652 intentionally grades linearly from 1%
tensile strain near the collector to 1% compressive stain near the
p-contact layer (whereas MW1278 is lattice matched through-
out). These values (which were confirmed by post growth X-ray
rocking curve analysis) were selected as a starting point based
on related published work [16], [18]: a high value of strain
would potentially introduce large changes in bandgap, light-
hole/heavy-hole splitting, and band offsets, while too much
strain, particularly approaching the critical thickness, could lead
to a reduction in material quality making fabrication difficult and
obviating any advantageous effects. The value chosen seemed to
offer a compromise: 1% tensile offering 50 mV reduction of con-
duction band offset and 50 mV light-hole/heavy-hole splitting,
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Fig. 2. Schematic of integrated detector-waveguide antenna.

Fig. 3. SEM of integrated waveguide-detector LPA.

and 1% compressive strain offering 40 mV increase in bandgap
(all values arranged to be greater than the thermal energy at
room temperature).

The schematic diagram of the final device structure shown in
Fig. 2 depicts a simple (3 μm wide) rib-loaded passive waveg-
uide section into which light is edge-coupled from a lens-ended
fiber. Light propagates along this guide and evanescently cou-
ples into a short (3 μm wide and 15 μm long) detector section.
The two wafers were fabricated using the same mask set, which
included antenna variants, one of which was a log-periodic an-
tenna (LPA) designed to cover the band 0.1–1 THz (see Fig. 3).
This had a radius of 200 μm and 12 “teeth.” The antennas that
were formed on top of a 2-μm-thick silicon oxynitride dielectric
layer, which was deposited on the InP substrate, were simulated
using both CST-MicrostripesTM and the Momentum part of Ag-
ilent ADSTM simulation tools. When completed, the integrated
antenna CPINs were thinned, diced, and mounted within a metal
package on top of a high-resistivity silicon carrier wafer. A hole
was provided in the metal package to allow the THz emission
to exit through the InP substrate/Si carrier.

III. EXPERIMENTAL

A schematic diagram of the experimental setup for measur-
ing the THz emission is shown in Fig. 4. Polarization-controlled

Fig. 4. Diagram of the THz measurement setup.

light from a finely tunable (2 nm) DFB laser emitting at 1539 nm
and a widely tunable (1510–1590 nm) external cavity laser
(ECL) were combined using a fiber coupler. The resulting sig-
nal was amplified using a high-saturation power (adjustable to
+20 dBm) Erbium-doped fiber amplifier (EDFA). This high-
power optical signal was launched into the antenna-integrated
CPIN THz photomixer. A monitor signal was tapped off and an
accurate determination of the difference frequency was made
using an Ando optical spectrum analyzer. To reduce the influ-
ence on the measurements of spontaneous–spontaneous beat
noise from the EDFA, the output from the DFB laser was fed di-
rectly through holding it in saturation. The output from the ECL
was then optically chopped and combined with the DFB. The
THz emission was measured using a calibrated Microtech Golay
cell with a PTFE window. The output from the Golay was fed
into a lock-in amplifier with a reference provided by the optical
chopper. Experience showed that scattered 1500-nm radiation
leaking through the substrate was significant, and therefore, a
calibrated Grubb and Parsons 640-μm-thick Ge multilayer in-
frared filter was used to remove this. To enhance the collection
of THz emission through the substrate, a high-resistivity Si lens
was chosen by taking account of the thickness of the SI InP
substrate and high-resistivity Si carrier wafer(s). Frequency-
response measurements were made by utilizing the (tunable)
different frequency of the lasers to generate a beat signal in the
photodiode and by measuring the resulting THz emission with
the Golay cell.
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IV. RESULTS AND DISCUSSION

A. Results on Integrated-Waveguide-Antenna CPINs

The device I/V characteristics showed consistent differences
in reverse leakage current between wafers. By comparing these,
we observed that on average the leakage current in devices fab-
ricated on the strained wafer were up to ten times higher than
those found when using the unstrained wafer (e.g., 280 nA,
cf., 2860 nA at −3 V). While this may cause problems for
photodetectors used in high-sensitivity applications, i.e., opti-
cal receivers, it is not thought to be an issue for devices used as
photomixers in THz applications, where photocurrents of tens of
milliampere might be anticipated. From device characteristics,
the series resistances of the unstrained devices were estimated
to be in the range 20–30 Ω, while those for the strained de-
vices were less than 15 Ω. The capacitance of the integrated
devices was measured as a function of device length for the
different antenna structures that were included on the wafer.
From this, it was deduced that 15-μm-long absorber sections
from both wafers had a capacitance of 30 fF, which is close
to the theoretically calculated value of 27 fF. This confirms
the similarity of the doping profile/layer thicknesses in both
wafers.

Fig. 5 (a)–(d) shows plots of the characteristics of two devices
made from the two wafers. In Fig. 5(b) and (d), we also show
both the dc photocurrent and emitted THz power at 300 GHz as
a function of input optical power. The measurements are taken
at room temperature with the device on a heat sink, but with-
out temperature control. It is noticeable that the strained CPIN
structure exhibits far more favorable saturation behavior than
the nonstrained device particularly at low reverse bias (in fact
even at zero bias, the responsivity was maintained up to 40 mW
optical input power, and THz emission continued to increase
up to 14 mW input optical power, and 4 mA average photocur-
rent). In contrast, the unstrained device shows more pronounced
saturation characteristics and the THz emission was a stronger
function of reverse bias [see Fig. 5(d)]. While this difference in
behavior may be in part due to the higher series resistance on
the unstrained devices, it may also be indicative of improved
transport as carrier pileup, particularly at interfaces within such
structures, alters the internal electric fields and hence strongly
influences the saturation characteristics [11].

Fig. 6 shows a plot of the measured THz emission as a function
of frequency for both devices. Since both were made using
the same mask set and fabrication procedure, their responses
should be comparable. Given a device capacitance of ∼30 fF
and a nominal total series impedance of around 60–70 Ω, we
estimate a −3 dB electrical bandwidth of <100 GHz for both
devices. Based on the modeling in [11], we anticipate this to
be well below the intrinsic bandwidth of the devices, which we
would expect to be in the range 200–300 GHz. Thus, in terms
of overall characteristic, we anticipate both devices to show a
capacitance-limited response, which initially rolls off at 6 dB
per octave above this frequency (∼100 GHz, which is the lower
limit of the antenna). We might also anticipate seeing a second
pole appearing with a faster rate response roll off above the
intrinsic device bandwidth in the range 200–300 GHz.

Fig. 5. Photocurrent versus input optical power measured at different reverse-
bias voltages (as indicated) for (a) strained device and (c) unstrained device.
THz emission (Golay signal in millivolts) measured at 300 GHz versus input
optical power for (b) strained device and (d) unstrained device.
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Fig. 6. THz emission measured using the Golay cell as a function of beat
frequency at ∼14 mA photocurrent and −1 V reverse bias; #03814 strained
device, #03813 unstrained device

Both devices were operated under the same conditions, re-
verse biased at −1 V and illuminated to produce ∼14 mA of
photocurrent. From the results in Fig. 6, it is clear that both
devices do, indeed, exhibit a falling response above 100 GHz
(the lower limit of the LPA antenna). However, under these con-
ditions, the introduction of strain into the absorber layer has
resulted in a useful increase in THz output power at higher fre-
quencies and an increase in ultimate bandwidth. Furthermore, it
appears to have been effective in reducing the final rate of roll
off with frequency. The difference in emitted THz power has
increased by a factor of over 2–3 at 150 GHz, to over 10 above
500 GHz. Given that the measurements are ultimately limited
by noise, THz emission can be seen up to about ∼500 GHz for
the nonstrained device, but with strain, a response to 1.1 THz is
observable (it should be noted that the periodic structure seen
on these plots occurs in all of our measurements and we believe
this arises mainly from the Ge filter, but in the case of the LPA
also includes a contribution from the antenna characteristics).

B. Results on Antenna-Integrated Stub-CPINs

To further test the validity of these observations and to elimi-
nate as far as possible any extrinsic effects (i.e. series resistance,
slight difference in grading layer thickness, absorber doping pro-
file, and growth kit dependence), two further new wafers were
grown and fabricated into devices. This time both wafers were
grown in the same MOVPE machine to eliminate any growth-
kit-dependent effects. The wafers were intentionally identical
in layer composition and doping profile (both with the absorber
doping the same as that used in AX1652), but with once again,
one of the wafers having a linearly graded strained absorber
and the other being lattice-matched throughout. However, this
time the thickness of the InP-collector region of both wafers
was increased from 0.15 to 0.26 μm, and a different antenna-
integrated device structure was used (an edge-coupled detec-
tor, termed a stub-CPIN, integrated with a slot–horn antenna
to be reported elsewhere). This approach was hoped to show
if strain-induced performance gains could still be observed in
completely different device and antenna structures, thus elimi-
nating effects arising from antenna/physical device design. On

Fig. 7. Frequency response of integrated slot–horn antenna stub-CPIN de-
vices showing influence of strain. (Filled diamonds) Strained device, 5.6 mA
photocurrent and (open diamonds) unstrained device, 5.3 mA photocurrent, both
reverse biased at −1 V.

Fig. 8. Comparative frequency response for slot–horn antenna-integrated stub-
CPINs for both strained and unstrained absorbers. (Open diamonds) Unstrained
device and (closed circles and triangles) strained devices.

average and in common with previous results, the leakage cur-
rents at −3 V were slightly higher (approximately four times)
for the strained wafers than for the nonstrained wafers, namely
160 nA, cf., 40 nA, although this was again stable and did not
appear to increase over the period of the measurements. Capac-
itance of the two sets of devices with 12.5-μm-long absorber
sections (3 μm wide) was very similar at 19 fF, as was respon-
sivity at 0.3–0.35 A/W (an improvement obtained with this new
edge-placed design). The frequency response results obtained
on two typical devices are plotted in Fig. 7 for wafers AX1666 A
(lattice-matched absorber) and AX1665 A (strained absorber).

To more fully illustrate the differences between these, we
show a further plot in Fig. 8 taken under the same conditions,
but tracing just the peaks in the periodic structure of Fig. 7 and
extending the plot to higher frequencies.

Once again, the devices made from wafers with strained-
absorber regions show enhanced performance at high frequency
(above 500GHz), although the differences are not as significant
as those shown in Fig. 6. The overall frequency response of these
photodiodes involves a combination of factors, one of which is
the carrier transit time across the drift region. The thickness of
the drift region for the devices in Fig. 6 is 0.15 μm, whereas for
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those in Fig. 8, it is 0.26 μm. Since the overall bandwidth arises
from a combination of a number of time constants [12], to a first
approximation, while still seeing benefits from the use of strain,
we might anticipate that the longer drift time for the second set
of devices might reduce somewhat the benefits accrued at higher
frequency. We believe this to be in accord with the experimental
results.

In the introduction, we discussed three possible mechanisms
by which strain might yield favorable performance improve-
ments: conduction band offset reduction at the absorber grading
layer interface, reduced hole-effective mass in the depleted p-
doped part of the absorber, and bandgap grading across the ab-
sorber. In addition an increase in conduction band offset between
the absorber and the p-doped electron-diffusion blocking layer
might also be expected, although with the range of structures
modeled in the work reported in [11], we did not see a strong
dependency of device bandwidth on electron leakage into the
p+ cap/contact layers. However, the earlier modeling [11] did
suggest two approaches that offered enhanced high-frequency
performance (slower roll off). The first of these was reduced
absorber doping, and the simulated change in device frequency
response as the absorber doping level is reduced [11, Fig. 9].
Thus, we believe that the responses we have measured can be
attributed in part to the absorber doping profile chosen. The
second approach, which offered favorable performance, was the
use of type-II conduction band lineup, i.e., reduced conduction
band offset. This was modeled in [11] for InGaSb/InP photodi-
odes, but the benefit was only seen with thin (<50 nm) absorber
layers due to the low electron mobility in InGaSb. Moreover,
such thin absorber layers pose design challenges, since even for
edge-coupled devices with additional wave guiding layers, it is
difficult to achieve high optical confinement, and hence, good
responsivity without resorting to long structures with accompa-
nying increase in area and device capacitance. Since the results
we report here were obtained using an InGaAs absorber that has
high electron mobility, we might similarly expect bandwidth
improvements for any additional strain-induced reduction in
conduction band offsets (moving toward type-II behavior), but
given the higher InGaAs electron mobility, this might now occur
in thicker absorbers. This would allow for easier engineering of
short, high-responsivity, low-capacitance devices. Furthermore,
we have yet to model the effect of strain-induced bandgap grad-
ing and reduced hole effective mass, while we anticipate both
these effects to play some part in device performance, we have
yet to identify their relative contributions. In addition, we have
investigated only one “recipe,” and it is feasible that further op-
timization is possible both through doping and the selection of
the amount of strain and its distribution. For example, for type-
II-like behavior, it may be best to incorporate strain across the
absorber and grading layer interfaces to remove any conduction
band spikes only. Moreover, while we have investigated the use
of strain in junction photodiodes, it may also be the case that
strain-induced effects could also be used to advantage in photo-
conductive devices. We anticipate further work in this area both
in terms of modeling, experimental wafer growth, and device
fabrication to investigate fully the potential performance gains
that might be achieved.

V. CONCLUSION

In this paper, we present experimental results on antenna-
integrated CPIN photodiodes. We show promising increase
in high-frequency performance and saturation characteristics
through the use of strain in a balanced strain-absorber struc-
ture. Comparisons of strained and unstrained devices confirm
this performance enhancement. In the detector and antenna de-
signs investigated, we have shown that this has proved effective
in enhancing the high-frequency performance (>500 GHz) for
CPINs designed as photomixers for THz sources. Further work
on edge-coupled stub-CPIN photomixers will be reported in a
subsequent paper.
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