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Abstract—The design, analysis, and demonstration of flip-chip
bonding packaged uni-traveling-carrier photodiodes (UTC-PDs)
with THz (dc to 315 GHz) 3-dB bandwidth and high-power perfor-
mance are reported. The high-frequency roll-off (up to 0.4 THz)
of the flip-chip bonding structure and device heating under high
power operation are both minimized through properly downscal-
ing the area of the bonding pad and minimizing the solder dis-
tance to the active area of the miniaturized UTC-PD. In order to
suppress the serious space-charge screening effect in miniaturized
UTC-PDs under high-current density (∼180 kA/cm2) operation,
an n-type charge layer is inserted into the collector. The detailed
dynamic measurement results of these packaged PD modules in-
dicate that non-equilibrium electron transport plays an important
role in determining the maximum speed and THz output power.
In addition, a femtosecond (fs) optical pulse train generator with
a ∼300 fs pulse-width output and repetition rate up to ∼0.3 THz
is also developed to further boost the photo-generated THz-power.
Compared with using an optical signal with a sinusoidal envelope
for PD excitation, the short-pulse approach can offer a 3-dB en-
hancement in output power under the same output photocurrent
and operating frequency (around 0.3 THz). By utilizing such an fs
light source and our PD module, a continuous wave output power
as high as 1 mW at an operating frequency of ∼0.3 THz is success-
fully demonstrated.

Index Terms—Photodiodes, packaging, pulse generation.

I. INTRODUCTION

COMMANDING the full electromagnetic (EM) spectrum
(near 1 MHz to around 0.3 THz), which includes gener-

ation, modulation, wireless transmission, and detection, plays
an important role in modern electronic warfare [1], THz band-
width measurement instruments (network analyzer) [2], and the
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next-generation of wireless communication at the millimeter-
wave or THz wave bands [3]. However, there are many chal-
lenges to building a THz system which can cover and process
such a wide bandwidth (from 0 Hz–0.3 THz), such as the lim-
ited fractional bandwidth of the impedance matching circuit
and the very high propagation loss (and dispersion) in either a
millimeter-wave (MMW) coaxial cable or metallic waveguide
near the THz regime. These difficulties can result in problems
with system level interconnection and integration. The pho-
tonic approach is one possible solution to overcome the afore-
mentioned problems. The use of an optical fiber as the trans-
mission line in the photonic-assisted THz system can greatly
reduce the huge loss and dispersion that occurs in metallic THz
waveguides and coaxial cables [1]. A photonic sub-THz wireless
communication system [3]–[6] with a 100 Gb/s transmission
data rate, photonic MMW measurement instrument (network
analyzer) with a broad bandwidth (dc to 200 GHz) [7], and a
photonic W-band MMW radar system with ultra-high (3 mm)
range resolution have been demonstrated [8]. In these systems,
ultra-fast photodiodes (PDs) serve as the key component, which
usually determines the maximum allowable operating frequency
and dynamic range (output power). Uni-traveling carrier pho-
todiodes (UTC-PDs) [9], [10], which have only fast electrons
as active carriers, are one of the most successful high-power
and high-speed PD structures for these applications. An ex-
tremely wide 3-dB optical-to-electrical (O-E) bandwidth at the
THz regime (∼0.31 THz) but with a small output power, has
been demonstrated, mainly due to the low load resistance (12.5
Ω) [11]. In addition, the responsivity of ultra-fast UTC-PDs de-
signed for vertical-illumination and with miniaturized size of
active area (16 μm2) is usually small, typically in the range of
∼0.03 A/W [12]. The development of a packaging structure for
a sub-THz PD with a wide-bandwidth, high output power, and
reasonable responsivity performance is thus very important for
practical use. Recently, a high output power (∼1.2 mW) has been
demonstrated at 300 GHz with a limited fractional bandwidth by
using a well-packaged photomixer module, composed of a pair
of UTC-PDs with T-junction power combining structures on a
quartz substrate [13]. The optical source for THz power genera-
tion employed is a simple two-laser heterodyne-beating system.
However, the frequency response cannot extend to the dc be-
cause of the characteristics of the waveguide based approach
and the resonant type impedance-matching circuit (short-stub).

0733-8724 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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In order to realize PD with a wide 3-dB O-E bandwidth
covering from dc to hundreds of GHz, a miniaturized size of
active area is typically required. However, this could lead to dif-
ficulty in optical coupling, exhibiting small responsivity, ease
of device-heating, and eventually thermal failure under high-
power operation [14]–[16]. One possible solution to mitigate
the above-mentioned problems is the flip-chip bonding of PDs
onto a co-planar waveguide (CPW) fabricated on a ceramic
substrate (for example, aluminum nitride (AlN)) [14]–[17]. The
high thermal conductivity of a ceramic substrate would provide
a heat sink and improve its saturation power [14]. Furthermore,
the back-side illumination scheme as a result of flip-chip bond-
ing could eliminate the injected light from being blocked by
the contact metals on the device front-side [12]. In addition,
the back-side optical illumination also allows a double pass of
injected light through absorption-layer due to the nearly total
reflection on the top p-contact metal. Together, these benefits
would lead to an improvement in responsivity performance.
The flip-chip bonding PD modules with a 3-dB bandwidth of
hundreds of GHz (starting from dc), reasonable responsivity
(∼0.1 A/W), and high saturation current (around 15 mA) have
been demonstrated [14]–[16].

In addition to device-heating, the other major issue limiting
the saturation current of a PD is space-charge screening (SCS)
effect [18]. For the case of UTC-PD, the SCS effect usually oc-
curs at the junction of absorption and collector layers [9], [18].
SCS slows down the electron drift process in the collector layer,
resulting in speed degradation, and limit the maximum output
power. By using n-type doping (charge-compensated doping) in
the collector layer, the SCS effect inside UTC-PD can be mini-
mized and excellent performance in saturation current (power)
has been demonstrated [19].

In this paper, we demonstrate a UTC-PD with novel design for
the collector layer (N-UTC-PD) and advanced flip-chip bonding
structure enabling high-power THz operation with excellent per-
formance. By inserting an n-type charge layer of proper thick-
ness and doping density into the collector layer of the UTC-PD,
the SCS effect is effectively suppressed without the need for an
increased reverse bias voltage. Operation at a lower reverse bias
voltage prevents degradation in speed and power performance
of ultra-fast PDs [10], [16] due to device-heating and inter-
valley scattering effect of electron in the collector layer [9],
[11], [15]. Similar working principles have been implemented
in UTC-PDs with non-uniform collector doping that operate
at a lower frequency regime (∼20 GHz) [20]. By optimizing
the flip-chip bonding structure to ensure reliable packaging and
high-speed performance, we are able to obtain a wide 3-dB
bandwidth (∼315 GHz) with a miniaturized active device size
(∼3 μm diameter).

Furthermore, in order to enhance the maximum output power
in the THz regime (∼300 GHz) and avoid thermal failure under
high-power operation, a femto-second optical short pulse train
with a repetition rate as high as∼0.3 THz has been used to excite
our device [21]–[24]. It can attain a very-high continuous wave
(CW) output power of 1.04 mW with a 13 mA saturation current
at 280 GHz operation with a dc responsivity at around 0.1 A/W.
Compared with previous work [24], we discuss more detailed

Fig. 1. Conceptual band diagrams of simulated devices: (a) Device A: UTC-
PD, (b) Device B: N-UTC-PD, and (c) Device C: NBUTC-PD.

TABLE I
EPI-LAYER STRUCTURE OF DEVICE A: UTC-PD

A. UTC-PD

Material Thickness (Å) Doping Level
(/cm3)

Type

Graded P-Contact
layer

In0 . 8 Ga0 . 2 As 100 5.0E+19 p+ +

P-Contact layer In0 . 5 3 Ga0 . 4 7 As 200 2.0E+18 p+

Diffusion Block
layer

In0 . 5 2 Al 0 . 2 9 Ga0 . 1 9 As 200 2.0E+18 p+

Absorption layer In0 . 5 3 Ga0 . 4 7 As 1500 5E+19 (top) to
5E+17 (bottom)

p+

Collector layer InP 1600 2.0E+16 N
N Contact layer InP 7000 5.0E+19 N+ +

Semi-Insulating InP
Substrate

InP

flip-chip bonding structures optimized for different band (D- and
J-band) operations. Furthermore, detailed dynamic analysis of
the packaged chips has been performed under different operation
modes (CW and pulse), bias voltages, and output photocurrents.
These measurement results clearly indicate that non-equilibrium
electron transport plays an important role in determining the
maximum speed and power of our demonstrated N-UTC-PD
structure.

II. DEVICE STRUCTURE AND DESIGN

In order to understand the advantages of the proposed N-
UTC-PD structure for THz applications, we simulate and com-
pare different designs of UTC-PD based device structures. Fig. 1
shows the conceptual band diagram of three kinds of device
structure. The simulation is conducted through the use of com-
mercial software (ISE TCAD).1 Device A is the typical UTC-
PD, B is the newly demonstrated N-UTC-PD structure, and C
is the near-ballistic UTC-PD (NBUTC-PD) structure [14]–[16].
As compared to device A, we can clearly see that there is an
additional n- and p-type charge layer in the collector layer of the
N-UTC-PD and NBUTC-PD, respectively. Tables I to III show
details of the epitaxial layer structure, including the thickness
and doping density of devices A, B and C. Fig. 2 shows the

1Synopsys, Inc., 700 East Middle field Rd., Mountain View, CA, 94043-4033,
U.S.A.
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TABLE II
EPI-LAYER STRUCTURE OF DEVICE B: N-UTC-PD

B. N-UTC-PD

Material Thickness (Å) Doping Level
(/cm3)

Type

Graded P-Contact
layer

In0 . 8 Ga0 . 2 As 100 5.0E+19 p+ +

P-Contact layer In0 . 5 3 Ga0 . 4 7 As 200 2.0E+18 p+

Diffusion Block
layer

In0 . 5 2 Al 0 . 2 9 Ga0 . 1 9 As 200 2.0E+18 p+

Absorption layer In0 . 5 3 Ga0 . 4 7 As 1500 5E+19 (top) to
5E+17 (bottom)

p+

Collector layer InP 200 2.0E+16 N−
N-Charge layer InP 70 4E+17 N
Collector layer InP 1330 2.0E16 N−
N Contact layer InP 7000 5.0E+19 N++
Semi-Insulating InP
Substrate

InP

TABLE III
EPI-LAYER STRUCTURE OF DEVICE C: NBUTC-PD

C. NBUTC-PD

Material Thickness (Å) Doping Level
(/cm3)

Type

Graded P-Contact
layer

In0 . 8 Ga0 . 2 As 100 5.0E+19 p+ +

P-Contact layer In0 . 5 3 Ga0 . 4 7 As 200 2.0E+18 p+

Diffusion Block
layer

In0 . 5 2 Al 0 . 2 9 Ga0 . 1 9 As 200 2.0E+18 p+

Absorption layer In0 . 5 3 Ga0 . 4 7 As 1500 5E+19 (top) to
5E+17 (bottom)

p+

Collector layer InP 1400 2.0E+16 N−
Charge layer I InP 100 1.4E+18 P+
Charge layer II InP 50 2.6E16 P-
Collector layer InP 50 6.0E18 N
N Contact layer InP 7000 5.0E+19 N++
Semi-Insulating InP
Substrate

InP

simulated band diagrams of these three devices. As can be seen
in device B, the n-type charge layer inserted near the junction of
the absorption and collector layers (specified as junction AC in
this figure), induces a more significant electron potential drop as
compared to that of device A or C. This can effectively suppress
the SCS effect [18], which will be discussed later and illustrated
in Fig. 3. However, such a high electric (E)-field in or around the
AC junction of the N-UTC-PD might lead to a significant elec-
tron inert-valley scattering effect and degradation in the transit
time limited bandwidth. In order to avoid the problem, as shown
in Table II, the high E-field region around the AC junction is
as thin as around 20 nm, thinner than the electron mean free
path (∼82 nm) in the InP collector. This number is calculated
using the reported electron effective mass (0.08 m0), thermal
velocity (3.9×105 m/s), and mobility (∼0.46 m2/V·s) in the InP
layer [25]. In addition, this high E-field will be minimized by
the electron induced SCS effect under dynamic operation with a
high output photocurrent density [18], which will be discussed
later. In contrast to the working principles of device B with
the n-type charge layer, in device C (NBUTC-PD [14]–[16])
a p-type charge layer is utilized to minimize the high E-field

Fig. 2. Simulated band diagrams of UTC-PDs, N-UTC-PDs (n-type charge
layer), and NBUTC-PDs (p-type charge layer) under the same reverse bias
(−1 V). The position of the AC junction is specified.

inside the collector and sustain the over-shoot drift-velocity of
the electrons.

Nevertheless, a larger reverse bias voltage (−2 versus −1 V)
is usually necessary compared with that of devices A and B, to
overcome the SCS effect [16]. This would increase the proba-
bility of the miniaturized THz NBUTC-PD suffering from ther-
mal failure under high-power operation [16], [23]. Fig. 3(a)–
(c) show the simulated E-field distributions of devices A to C,
respectively, under static (no light illumination) and dynamic
operations. The E-field simulation is obtained using the same
software for calculating the band diagram (see Fig. 2).

The three simulated devices have the same active diameter
(3 μm) and collector layer thickness (∼200 nm); see Tables I
to III. In our simulations, it is assumed that these devices are
operated under the same reverse bias (−1 V), load resistance
(50 Ω), and output photocurrent (14 mA). Here, the –1V bias
is chosen for simulation due to the fact that this value is close
to the reported optimum bias of UTC-PDs for THz applications
[10]. As shown in Fig. 3(b), by inserting the n-type charge layer
in the collector of the N-UTC-PD, the static E-field (indicated
by the blue open symbols), under −1 V bias will be the highest
in the AC-junction. This is used to compensate the strong space-
charge induced field (SCS; red line with solid symbol on this
figure) under high power operation. Under dynamic operation
with a 14 mA average output photocurrent flowing through a
50 Ω load, the effective dc reverse bias into the devices should be
reduced from −1 to around −0.3 V. The corresponding quasi-
static E-field is indicated by the black trace with open symbols
in this figure. The electron induced SCS field (ESCS ) is further
subtracted from the effective dc bias (−0.3 V) E-field to produce
the net E-field inside the collector layer, shown as a red trace
with open symbols (14 mA; Net) in the figure. The formula
used for the calculation of ESCS for different positions in the
collector layer is as follows [18]:

Escs (x) = J

(
x

εVe

)
(1)
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Fig. 3. The simulated E-fields in the (a) UTC-PD, (b) N-UTC-PD, and
(c) NBUTC-PD collectors under −1 V bias. Blue lines: static (dark) E-field
under −1 V. Black lines: quasi-static E-field under 14 mA photocurrent (−0.3 V
effective bias). Red lines: space-charge screening (SCS) induced E-field (closed
circles) and net E-field (open squares) under 14 mA photocurrent. The position
of the AC junction in each device has been specified.

where x indicates a distance that varies from 200 nm at the
absorption-collector (AC) junction to zero at the collector and
sub-collector (n+ InP) junction; J is the output photocurrent
density; ε is the dielectric constant of InP; and Ve is the drift-
velocity of electrons inside the InP collector layer. Although
equation (1) is based on a static model, it can also provide a rea-
sonable approximation for the device dynamic response when
the modulation frequencies are much lower than the carrier-
transit-limiting bandwidth (fT ) [18]. The value of fT in con-
sidered here is much larger than the measured net device O-E
bandwidths (∼0.3 THz). This has been verified by performing
the equivalent-circuit modeling technique onto our devices [15],
[16], [26] and will be discussed latter in the next section about
measurement results.

We can thus conclude that equation (1) is suitable for the
analysis for dynamic SCS effect within the frequency range of
interest (O-E bandwidth; dc to 0.3 THz). In addition, we as-
sume a constant electron drift-velocity (∼4 × 107cm/s) [18],
[26] in the calculation for Escs . Although an E-field dependent
carrier drift-velocity might be necessary for a rigorous simula-
tion, such as Monte Carlo (MC) technique [27], the assumption
of a constant electron drift-velocity here can still provide rea-
sonable accuracy. This is because that our InP collector layer
thickness (∼200 nm) is larger than that of electron mean free
path in InP (∼82 nm) [25]. According to the MC simulation
result, for the ∼200 nm thick InP based collector layer, the
simulated electron drift-velocity is nearly constant and ranges
between 4 ∼ 6 × 107 cm/s [27].

Since the three devices (A, B, and C) being compared have
the same collector layer thickness (∼200 nm), the same ac-
tive area (diameter of mesa), and operate at the same output
photocurrent (∼14 mA), they should have the same traces of
ESCS as indicated by the closed red symbols (14 mA; SCS)
in Fig. 3. Under dynamic operation, there is no net E-field,
which is completely screened by the SCS effect and the op-
posite polarity of photocurrent (14 mA) induced voltage on
the 50 Ω load, in the AC junction of UTC-PD and NBUTC-
PD. This indicates that the slow diffusion of electrons from the
p-type photo-absorption layer cannot be accelerated in the col-
lector layer. There is thus a serious degradation in the elec-
tron transit time limited bandwidth and saturation of the output
power with a 14 mA output photocurrent. One effective way
to overcome the above-mentioned problem in UTC-PDs and
NBUTC-PDs is to further increase the reverse bias voltage. For
NBUTC-PDs with a 200 nm thick collector layer, the optimum
bias for THz operation is usually located at −2 V [15], [16].
However, high bias induced thermal failure tends to occur in
cases with a miniaturized NBUTC-PD [16], [23].

On the other hand, for the N-UTC-PD, we can clearly see
that the high E-field (∼150 kV/cm) at the AC junction will be
screened and reduces to 10–37 kV/cm. This value is still strong
enough to accelerate the slow diffusion of electrons from the p-
type absorption layer and minimize degradation in the internal
carrier transit time. From the simulation results shown in Figs.
2 and 3, we can conclude that compared with the UTC-PD and
NBUTC-PD, our proposed N-UTC-PD structure with the n-
type charge layer near the AC junction can effectively suppress
the SCS effect under a moderate reverse bias (around –1 V).
This would minimize the probability of a miniaturized THz
PD suffering from thermal failure under high-power operation.
In this study, using an advanced flip-chip bonding package as
discussed latter, we are able to successfully demonstrate ultrafast
speed with high-power performance of this N-UTC-PD in the
THz regime (∼300 GHz).

Fig. 4 shows the top-view of the active PD chip, CPW pad on
the AlN substrate for flip-chip bonding, and the PD chip after
flip-chip bonding. Here two different kinds of flip-chip bond-
ing structures (labeled A and B) are implemented, as shown
in Fig. 4(a) and (b), for optimum frequency response perfor-
mance at the J-(220–325 GHz) and D-bands (110–170 GHz), re-
spectively. The epi-layer structure of our fabricated N-UTC-PD
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Fig. 4. Top-views of active N-UTC-PD chips, bonding pads on AlN substrate,
and PD chip after flip-chip bonding of structures A (a) and B (b).

Fig. 5. The simulated S12 frequency responses of structures A and B; the inset
shows the geometric structure used for high-frequency simulation. For clarity,
the AlN and InP substrates are both assumed to be transparent.

is identical to that shown in Table II, with the exception in the
charge layer doping density. We increase the n-type charge layer
doping density from 4 to 8.3× 1017 cm−3 in order to achieve
pronounced bias modulation characteristic of photo-generated
MMW power [28] and its simulated saturation output current is
about ∼11 mA. Such value is obtained through the use of the
proposed E-field simulation method as discussed in Fig. 3. The
fabricated device has a diameter of ∼3 μm and its measured dc
responsivity is ∼0.1 A/W, which is larger than the values re-
ported for ultrafast UTC-PDs with a close 3-dB O-E bandwidth
(∼170 GHz with 0.03 A/W responsivity) [12].

Fig. 5 shows the simulated MMW frequency response of the
transmission coefficient (S12) of the newly designed flip-chip
bonding structure (structure A) and the reference structure based
on our previous design (structure B) [16] for J- and D-band oper-
ation, respectively. The insets show the two device structures A
and B used for high-frequency simulation. Here, in our simula-
tion, the active PD is assumed to be an ideal current source with
an infinitely large 3-dB bandwidth and the MMW transmission
represents the photo-generated MMW power transferred from
the active PD mesa (port 2) through the bonding pedestals to
the CPW pads (port 1) on the AlN substrate. In order to mini-
mize the high-frequency roll-off of the packaged PD chip and
improve device heat-sinking, we let the position of the Au/Sn
solder bump be as close as possible to the active PD mesa [16]
in both structures A and B. Furthermore, by properly adjusting
the size of the CPW lines on the AlN substrate, we can ma-
nipulate the optical-to-electrical (O-E) frequency response of
the flip-chip packaged PD module. Structure B exhibits a broad

Fig. 6. (a) Equivalent-circuit-model. VCCS: voltage controlled current
source; (b) Measured (continuous line) and fitted (open circles) S11 param-
eters from near dc to 110 GHz under a fixed dc bias (−2 V). The head of the
black arrow indicates the increase in the sweep frequency. The inserted table
shows the values of the circuit elements used in the modeling process.

frequency response with a 3-dB bandwidth at around 230 GHz
(from dc). In order to further extend the O-E bandwidth, the
areas of the bonding pad and the Au/Sn bumps in structure A
are both reduced and it can sustain a flat O-E response (with a
4 dB bandwidth at ∼350 GHz) when the operating frequency
reaches nearly 400 GHz. Such bandwidth is capable of cover-
ing the entire J-band. Although structure A has a much higher
bandwidth, structure B exhibits a larger magnitude of response
in the 130 to 230 GHz frequency range. This is the advantage
of structure B for dc to D-band applications.

To verify the accuracy of the design discussed above, mea-
surement and analysis of the MMW reflection coefficients (S11 ;
from near dc to 110 GHz) is performed on real packaged PDs,
as shown in Fig. 4. Here, we use the two-port equivalent-circuit-
model [15], [16], [26], which includes two bandwidth-limiting
factors (i.e., carrier transit time (Tt) and RC delay time (TRC ))
[15], [16], [26], as shown in Fig. 6(a), to fit the measured S11
parameters. In such model, the “pad simulation block” is just
the simulation result what we have discussed in Fig. 5. The
fitted values of each circuit element, except for RT and CT ,
are shown in the Table inserted into Fig. 6(b). During our de-
vice modeling process for the extraction of extrinsic fRC of
active PD dies, such two artificial circuit elements (RT and CT )
have been removed due to that they are used to mimic the low-
pass frequency response of internal carrier transient time [15],
[26]. Fig. 6(b) shows the measured and simulated frequency
responses for the S11 reflection coefficient parameter under a
bias voltage of −2 V bias for structures A and B; see the Smith
chart. Both structures (A and B) were packaged with the ac-
tive N-UTC-PDs with the same active diameter of 3 μm for
fair comparison. Clearly, the simulated and measured results
for both structures match very well, from 40 MHz to 110 GHz,
and the extracted extrinsic RC parameters for these two active
PDs are also very close because both devices share the same
epi-layer structures and active diameters.
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As can be seen, although both packaged structures (A and B)
have the same active PD size, the structure B trace (on the Smith
chart) is longer than that of structure A. The results indicate that
the MMW signal for structure B suffers from a larger phase-shift
and more serious high-frequency roll-off; see Fig. 5. Further-
more, from this we can understand that not only the active PD
itself but also the flip-chip bonding structure plays an important
role in determining the net O-E bandwidth of a packaged PD
module operating in the THz regime.

III. MEASUREMENT RESULTS AND DISCUSSION

A heterodyne beating system is used to measure the dynamic
performance of the fabricated device structure. A power meter
with two different sensor heads (dc to 50 and 75–110 GHz) is
used for measurement in the range from dc to 110 GHz. When
the measurement frequency is greater than 110 GHz, a thermal
MMW power meter (PM4, VDI-Erickson) is used. The maxi-
mum measurement bandwidth for our system is limited by our
WR-3.4 waveguide based MMW probe operating at 325 GHz.
All the dynamic measurement results presented here, which in-
clude the O-E frequency responses and THz output power, have
been carefully de-embedded to remove any contributions due to
losses from the passive components used. From dc to 50 GHz,
the frequency dependent loss of passive components mainly
originates from the radio-frequency (RF) coaxial cable and bias
tee, typically around 8 dB at 50 GHz operation. This value of
frequency dependent loss has been carefully verified by use of a
broadband network analyzer (0.01 to 67 GHz). When the mea-
surement frequency further increases (75–325 GHz), there are
three major sources of insertion loss in our setup. The first is the
frequency dependent insertion loss of the waveguide probe. For
the case of WR-3.4 waveguide probe, its loss is around 5 dB at
280 GHz operation. This value is provided by the manufacturer
of the waveguide probe.2 The second is the loss associated with
the straight WR-10 waveguide section (0.55 dB at 280 GHz),3

which is connected with the power sensor head. The last is from
the waveguide taper (0.3 dB at 280 GHz).3 This component
connects the WR-10 waveguide and the head of the waveguide
probes (WR-3.4 or WR-6). After our calibration procedures,
the corrected values of measured power matches well at the
edged frequency of different bands, which include 50, 75, 110,
170, and 220 GHz. This reveals the accuracy of our calibration
procedures.

Fig. 7(a) and (b) show the measured bias dependent optical-
to-electrical (O-E) frequency responses of the proposed N-UTC-
PD with a 5 μm active diameter and flip-chip bonding package
structure B from the near dc to 300 GHz under two different
output photocurrents at 3 and 5 mA, respectively. Here, we de-
fine our 3-dB bandwidth by use of the measured power from our
device at 0.5 GHz as dc reference point. As shown in Fig. 7(a),
at a lower output photocurrent (3 mA) the speed performance
is insensitive to the bias voltage, with a maximum 3-dB band-
width of ∼170 GHz. On the other hand, as shown in Fig. 7(b),
when the output photocurrent reaches 5 mA, a much less high-
frequency roll-off is observed under optimum bias at −1 V and

2GGB Industries, Inc., P.O. BOX 10958, NAPLES, FL 34101.
3Virginia Diodes, Inc., 979 Second Street, S.E. Suite 309, Charlottesville, VA

22902-6172. VDI APPLICATION NOTE: Power Measurement above 110 GHz.

Fig. 7. Bias dependent O-E frequency responses measured under different
output photocurrents: (a) 3 mA and (b) 5 mA for structure B with the 5 μm
active diameter of PD.

Fig. 8. (a) Bias dependent O-E frequency responses measured at a fixed output
photocurrent of 3 mA; and (b) O-E frequency responses measured at different
photocurrents (3, 5, and 8 mA) under the optimum bias of –1 V for structure B
with a 3 μm active diameter of PD.

the measured 3-dB bandwidth is nearly 225 GHz. This is close
to our simulation result, as illustrated in Fig. 5.

A significant enhancement in speed is observed with an in-
crease in the output photocurrent density usually observed in
UTC-PDs which can be attributed to the self-induced field in
the p-type absorption layer [9], [29] and the moderate electron
induced SCS effect in the collector layer [26]. Here, the strong
output photocurrent density of our miniaturized device would
result in an additional drop in the electron potential in the p-type
absorption layer which could accelerate the electron diffusion
process [9], [29]. Furthermore, the high-current induced SCS
effect at the AC junction can reduce the strong static E-field and
minimize the inter-valley scattering effect of the drift-electrons,
which would result in the observed bandwidth enhancement
[26].

Fig. 8(a) shows the measured O-E frequency responses of a
PD. The flip-chip bonding package (structure B) is the same but
with a smaller active diameter (∼3 μm) and an output photocur-
rent of 3 mA. Compared with the measurement results obtained
with the same output photocurrent (3 mA) as shown in Fig. 7(a),
we can clearly see a significant enhancement in bandwidth (170
to near 230 GHz). This is due to the increase in the output
photocurrent density (15.3 to 42.4 kA/cm2). Fig. 8(b) shows
the measured O-E frequency responses of the packaged device
with a 3 μm active diameter for different output photocurrents
(3, 5, and 8 mA) and under an optimum bias voltage (−1 V).
As can be seen, the measured O-E frequency response has a
maximum 3-dB bandwidth at around ∼230 GHz, which is close
to the measurement results for the PD with a 5 μm active diam-
eter, as shown in Fig. 7(b). This result implies that the flip-chip
bonding structure is the major bandwidth limiting factor for the
full packaged module with the miniaturized PD (< 5 μm active
diameter). There is also a significant enhancement in the output
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Fig. 9. The O-E frequency responses of structures A and B measured under
different bias voltages and output photocurrents. The active diameter of the
packaged PD is 3 μm.

MMW power in the frequency range of 110–170 GHz (D-band),
which is consistent with the simulation results shown in Fig. 5.

Fig. 9 shows the measured O-E frequency responses for the
3 μm active diameter PD flip-chip bonded package fabricated
with structures A and B obtained under different operating
conditions. There is much less serious high-frequency (220–
325 GHz) roll-off in the O-E frequency response for structure A
than for structure B under the same operating conditions (8 mA
photocurrent and under a –1 V bias). The measurement results
clearly match the simulation results, as shown in Fig. 5, verify-
ing the accuracy of our proposed approach for PD simulation. In
addition, we can obtain a measured O-E frequency response with
the maximum 3-dB bandwidth as high as 305 GHz for struc-
ture A under optimum operating conditions (3 mA; −0.5 V).
By using the established equivalent circuit-model, as discussed
in Figs. 5 and 6, we can further extract the RC-limited fre-
quency response of our demonstrated device, which is shown
as green trace with open symbol in this figure. The RC-limited
3-dB bandwidth (∼350 GHz) is very close with the measured
net O-E bandwidth (305 GHz). This represents that the carrier
transit time limited bandwidth is much larger than the net O-E
bandwidth and proves the validity of using equation (1) in the
discussions for Fig. 3.

We further examine the ultrafast carrier dynamic of packaged
N-UTC-PDs fabricated with flip-chip bonding structure A, with
a 3 μm diameter of active PD under high-power operation.
Figs. 10–12 show the measured bias dependent O-E frequency
responses of structure A under output photocurrents of 3, 5, and
8 mA, respectively. As can be seen in Fig. 10, under a low output
photocurrent (3 mA), the optimum bias for maximum speed
(315 GHz 3-dB bandwidth) performance occurs at −0.5 V. As
shown in Fig. 12, when the output photocurrent reaches 8 mA,
in order to compensate for the electron induced SCS effect, the
optimum bias shifts to −1 V and there is a slight degradation in
the 3-dB bandwidth to 290 GHz. The optimum bias is very close
to that of the THz UTC-PD module with the integrated bow-
tie antenna that operates at the 250 GHz frequency [10]. The
achieved maximum 3-dB bandwidth here (∼315 GHz) is higher
than the number (∼310 GHz) reported for the fastest UTC-PD
[11] under a much smaller load resistance (12.5 versus 50 Ω)
and with a smaller responsivity than that of ours (<0.07 versus
0.1 A/W).

Fig. 10. The bias dependent (−0.5,−0.7, and−1 V) O-E frequency responses
of structure A with a 3 μm active diameter of PD measured at 3 mA output
photocurrent.

Fig. 11. The bias dependent (−0.5,−0.7, and−1 V) O-E frequency responses
of structure A with a 3 μm active diameter of PD measured at 5 mA output
photocurrent.

Fig. 12. The bias dependent (−0.5,−0.7, and−1 V) O-E frequency responses
of structure A with a 3 μm active diameter of PD measured at 8 mA output
photocurrent.

Fig. 13 shows the measured photo-generated MMW power
versus output photocurrent for structure A under different
reverse biases by using our two-laser heterodyne-beating setup.
In order to obtain the maximum output power from our PD
module, the measurement frequency is fixed at 285 GHz, which
corresponds to the resonant peak frequency in the measured O-E
frequency responses, as shown in Fig. 12.
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Fig. 13. The measured photo-generated MMW power versus photocurrent of
structure A with a 3 μm active diameter of PD under sinusoidal signal excitations
and different reverse biases at an operating frequency of 285 GHz. The solid
line shows the ideal trace for a 100% modulation depth and 50 Ω load.

The ideal relation between the MMW power and averaged
photocurrent (solid line) with a 100% optical modulation depth
under a 50 Ω load is also plotted for reference. We can clearly
see that under the optimum bias (−1 V), the saturation current
is around 11 mA with a −2 dBm maximum output power. Such
value of saturation current is consistent with our E-field simu-
lation results of device with a 8.3× 1017 cm−3 n-type charge
layer doping density inside its collector layer, as discussed in
Fig. 3. The increase in the reverse bias voltage (−1 to −1.2 V)
leads to degradation in the saturation current (11 to 10 mA)
and power (−2 to −3.1 dBm), possibly attributable to device
heating or the inter-valley scattering effect which induces degra-
dation in the electron drift-velocity [10], [15]. As compared to
the reported output power (0.9 dBm) at 300 GHz operating
frequency from a high-performance dual UTC-PDs integrated
with a power combing circuit and excited by the same two-laser
heterodyne-beating setup [13], our achieved output power (−2
dBm) from a single device here is considered high and can as
be further improved by using the power combing technique.

In order to further boost the output power and minimize the
device heating under high power operation, an optical pulse
train system with a repetition rate in the MMW regime is intro-
duced for CW photonic high-power generation [21]–[24], [30].
Optical short pulse trains offer high peak intensities for efficient
excitation of the CW THz signal while the low duty cycle (the
ratio of the pulse duration over the pulse period) minimizes the
device heating. Moreover, the broad spectral bandwidth required
for short optical pulses has been found beneficial in providing
higher spectral beat strength at the CW THz signal frequency
under consideration [21]. Fig. 14(a) shows the measured photo-
generated MMW power versus output photocurrent observed
under different reverse biases and optical short pulse train exci-
tations with a repetition rate fixed at 280 GHz. The optical pulse
train generator is comprised of a dual-drive intensity modulated
frequency comb and an optical line-by-line pulse shaper; for
more details please see Ref. [23].

The transform-limited pulse train at 20 GHz is amplified by
an erbium-doped fiber amplifier and delivered to a dispersion-
decreasing fiber for soliton pulse compression down to 300 fs.
The resulting soliton compressed spectrum is then delivered to

Fig. 14. (a) The measured photo-generated MMW power versus photocurrent
of structure A with a 3 μm active diameter of PD under pulse train signal exci-
tations and different reverse bias at 280 GHz operation frequency. Solid line is
ideal trace for 100% modulation depth and 50 Ω load. (b) Intensity autocorre-
lation traces of the sinusoid and pulse train. (c) Corresponding spectrum for the
280 GHz pulse train.

a home-made line by line pulse shaper, where periodical spec-
tral phase control is applied to achieve pulse train repetition-
rate multiplication from 20 to 280 GHz [22]. This operation
is commonly known as temporal Talbot self-imaging [31]. The
intensity autocorrelation traces for the optical sinusoid (dashed
line) and the 280 GHz pulse train (solid line) are provided in
Fig. 14(b). The optical spectrum filtered by the pulse shaper
is shown in Fig. 14(c). Compared with under sinusoidal signal
excitation, as shown in Fig. 13, the optimum bias for max-
imum output power slightly increases to −1.2 V and the bias
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Fig. 15. The measured photo-generated MMW power of structure A with a
3 μm active diameter of PD versus photocurrent under sinusoidal (open symbol)
and pulse train (close symbol) excitations at 280 GHz operation frequency. Solid
line is ideal trace for 100% modulation depth and 50 Ω load.

dependent performance becomes more distinct under pulse exci-
tation. Such phenomenon is understood as a higher bias voltage
is usually required to compensate the higher peak space-charge
field induced by the injected optical short pulses, thus leading to
a higher sensitivity of device’s dynamic behavior to the reverse
bias [21]. Furthermore, by using short pulse excitation, a signifi-
cant enhancement in output power and saturation current can be
observed. Although compared with the two-laser heterodyne-
beating approach operated at the same frequency (280 GHz),
the proposed optical pulse train excitation should contain the
additional component of power at higher harmonic frequency
(560, 840 GHz, etc.). This should not be an issue in our measure-
ment due to the fact that our device under test (DUT) and MMW
probe both have cut-off frequency at around ∼300 GHz and the
contribution from these harmonic terms (above 560 GHz) in the
measured THz power are fully suppressed.

Fig. 15 shows the detail comparison of output power per-
formance between sinusoidal and short pulse operations of the
same PD module (structure A) under the same operating fre-
quency (280 GHz) and optimum bias. As can be seen, com-
pared with under sinusoidal operation, optical short-pulse train
can offer ∼3 dB enhancement in output power under the same
output photocurrent. This corresponds to that the effective mod-
ulation depth can be increased from 60% to 84% for sinusoidal
and pulse operations, respectively. The maximum output sub-
THz power can reach 1.04 mW (13 mA saturation current)
at 280 GHz operation. Such number is comparable with the
reported maximum output power (1.2 mW) from a state-of-the-
art photomixer module, which is composed of dual UTC-PDs
and a power combing circuit with a limited fractional bandwidth
(∼70 GHz; 280 to 350 GHz) operated at 300 GHz central fre-
quency [13]. To the best of author’s knowledge, by using the
established optical short pulse train generator as optical source
for our PD excitation, the measured output power here is the
highest value (under continuous wave operation) ever reported
for photonic generation of THz-wave from a single ultrafast PD
at 300 GHz frequency regime [10]–[12], [16].

As compared to the reported power enhancements of effective
modulation depth at lower frequency range (100 to 160 GHz)
[21], [23], the current value is slightly degraded. We attribute
the observed degradation to two potential factors: (1) As com-
pared to Ref. [23], our current intensity autocorrelation traces

Fig. 16. The measured transfer curve (bias voltage versus output MMW
power) at 170 GHz of the N-UTC-PD (-N) and NBUTC-PD (-P). Both de-
vices have the same active diameter (3 μm) and are packaged with structure B.
The insets show the simulated band diagram of the N-UTC-PD under zero (red
lines) and −1 V bias (blue line).

(solid blue trace in Fig. 12(b)) shows a roughly 12% peak am-
plitude variation. This means not all of the optical power is used
to contribute to the excitation of 280 GHz electrical signal. (2)
The power enhancement is moderately sensitive to the optical
waveform. The theoretical prediction of 6-dB enhancement was
derived assuming all frequency components have equal ampli-
tude (sinc2 temporal intensity profile) [21]. Here, our pulse is
derived using soliton propagation in the dispersion-decreasing
fiber, and the resulting pulse intensity takes on a sech2 profile.

The fast bias modulation characteristic of high-power PD
is important for the application of photonic wireless commu-
nication especially for the case of short-pulse train excitation
[32]. By use of bias modulation technique onto PD for remote-
up conversion, the direct on-off keying (OOK) modulation of
optical pulse train can be eliminated. This would solve the prob-
lem in serious chromatic dispersion of modulated optical pulse
train during fiber transmission [32]. However, the near forward
bias operation of UTC-PD is necessary to quench the photo-
generated THz power, which would seriously limit its modula-
tion speed [28]. In our previous work, we have demonstrated that
by incorporation an additional p-type charge layer inside col-
lector of UTC-PD (NBUTC-PD), the operation window would
be shifted to reverse bias regime and ultra-fast bias modulation
performance (>25 Gb/s) for photonic wireless communication
has been demonstrated [33]. Fig. 14 shows the measured trans-
fer curve (bias voltage versus photo-generated MMW power
in linear scale) of NBUTC-PD and N-UTC-PD at 170 GHz
operating frequency. Each trace is normalized to the value of
its maximum output power, which is specified on such figure.
Both devices have the same active diameter (3 μm), flip-chip
bonding structure (structure B), and absorption/collector layer
thicknesses (150/∼200 nm) for fair comparison. We can clearly
see that the N-UTC-PD has a similar swinging range (∼ +4
to around −25 dBm; noise floor of our measurement system)
of MMW power with that of NBUTC-PD but a much smaller
driving voltage (1 versus ∼1.6 V). Such significant bias depen-
dent performance in MMW power of the N-UTC-PD is mainly
due to the insertion of the n-type charge layer inside the collec-
tor. The inset to Fig. 16 shows a simulated band diagram1 of
our proposed N-UTC-PD structure under zero and −1 V bias
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voltages. This simulation results clearly indicate that the photo-
generated MMW power could be quenched at zero-bias due to
the un-depleted collector layer.

IV. CONCLUSION

In this paper we demonstrated a novel collector design and
package structure designed to further improve the high-power
performance of the UTC-PD. Through the use of an advanced
flip-chip bonding package, the device exhibits an extremely
wide O-E bandwidth (∼315 GHz) and reasonable responsivity
(0.1 A/W). Detailed dynamic analysis of the device package at
different photocurrents and reverse bias voltages suggests that
non-equilibrium electron transport plays an important role in
determining the maximum output power in the THz regime. By
using a femto-second optical short pulse train as a light source to
minimize device heating and further enhance photo-generated
THz power, a record-high CW output power from a single PD
(1.04 mW) at an ∼300 GHz frequency regime has been success-
fully demonstrated. The proposed device structure also exhibits
excellent bias modulation characteristics, i.e., extremely small
driving voltage (0 to –1 V) with > 30 dB swing of sub-THz
power.
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