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Abstract—The generation of sub-millimeter waves and terahertz
signals is a difficult challenge, and a few approaches are being
studied by several groups. We are investigating the approach of
heterodyning two optical signals in a uni-traveling-carrier photo
detector, which has been identified as the device of choice for
very high frequencies. In this paper we present a novel analytical
model, which was developed as a design tool for the above device.
The model was validated by designing, fabricating and testing
a new 100 GHz photo detector. In addition, performance limits
for the UTC traveling wave photo detector are calculated by the
new model, and it is shown that this device has the potential of
delivering more than 1 mW of power at frequencies approaching
1 THz.

Index Terms—Photo detectors, sub-millimeter wave, terahertz,
uni-traveling carrier (UTC).

1. INTRODUCTION

HE GENERATION of submillimeter waves and terahertz
T signals is a very difficult and yet very important task for
emerging systems in imaging, spectroscopy and other applica-
tions. Several research groups are using different approaches to
achieve this goal. Our approach utilizes heterodyning of two op-
tical signals in a photo detector. During the last few years several
papers have been published reporting results obtained by this ap-
proach [1]-[11]. Our study is aimed at using the above approach
while maximizing output power, efficiency and frequency of op-
eration [12]-[17]. To increase the frequency of operation one
needs to use a very fast photo detector. The uni-traveling-car-
rier (UTC) photo detector was first presented by a group from
Japan [18], and shown to be the best candidate for high frequen-
cies. We have adopted this approach combined with the trav-
eling wave (TW) concept.
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Fig. 1. Structure of UTC-TW PD (from [11]).

In this paper, we present a novel model that we have devel-
oped for the above device. The model is fully analytical and is
intended to be used as a design tool. In previous publications we
have presented some results based on a simplified model, which
does not take into account all the physical effects. The model
presented here is a full and complete model. A brief description
of the photo detector is presented in Section II. The modeling
approach is outlined in Section III. Simulation results of a new
100 GHz device is presented in Section IV, and the measured
performance is detailed in Section V. Simulated performance
limits were generated for the UTC-TW photo detector by the
new model, and these are presented in Section VI.

II. UTC-TW PHOTO DETECTOR

A few years ago, the UTC TW photo detector was introduced
[18]. The structure of such a device is depicted in Fig. 1 [11].

This device maintains the basic structure of a TW p-i-n diode.
However, there is a separation between the optical waveguide
section and the absorption section. The waveguide layer is the
n layer, which is transparent to 1.55-pm optical signal. The ab-
sorption layer is the p layer. The structure is designed in such a
manner that most of the optical power propagates in the n layer,
and only a small fraction of the power is coupled to the p ab-
sorption layer, and is absorbed there.

This device has several advantages, which are: 1) the optical
power is absorbed in a distributed manner over an extended
volume along the waveguide (reduced effective absorption coef-
ficient)-increased optical saturation power and 2) since the de-
vice is reversed biased (minus in anode), the photo-generated
current is composed of electrons only, which drift via the I layer
into the cathode—the photo-generated holes are already in a p+
region, where they are majority carriers, which translates into a
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big improvement in speed (in InP the holes are very slow com-
pared to electrons). More details on the device are presented in
[12]. As shown below, this structure has the potential to operate
at frequencies of more than 300400 GHz, at an output power
of a few milliwatts and an efficiency of a few percent. An output
power of around 1 mW is expected at frequencies approaching
1 THz. Such performance represents a substantial improvement
of the state of the art.

III. NEw MODELING APPROACH

The new model for the UTC-TW PD is intended to be used
as a design tool to predict the device performance for various
dimensions and physical properties. This enables design of the
device for the desired frequency, bandwidth, output power and
efficiency. This also allows easy calculation of the performance
sensitivity dependence on any of the physical or material prop-
erties.

To achieve this capability, it was clear from the very start
that the model must be analytical, even if some accuracy is sac-
rificed. We succeeded in developing such an analytical model
based on some reasonable approximations, which do not com-
promise the basic effects in the device. Some details of the
model derivations are presented in the Appendix.

The derivation of the model follows these steps.

Step 1) Write down the drift-diffusion-recombination differ-
ential equations for the electron density in the ab-
sorption region. The equations include the possi-
bility of graded doping via the introduction of a built
in electric field. For simplicity we assumed a con-
stant electric field. This is strictly correct for an ex-
ponential grading of the doping level. The inclusion
of this built in E field in the model allows investi-
gation of its effect on performance. To simplify the
equations and achieve performance calculation vs.
frequency, the equations were formulated in the fre-
quency domain using the phasor approach. Thus the
time dependence has been eliminated from the equa-
tions, and the equations, while still partial differen-
tial equations, they included only the spatial coordi-
nates.

Step 2) Define the boundary conditions at the absorp-
tion-barrier interface and at the depletion-absorp-
tion interface. At the absorption/depletion interface
we used the condition of zero electron density (elec-
trons entering the I layer are swept away). At the
absorption/barrier interface we used the condition
of zero electron current (the barrier prevents flow of
electrons). For the general case of built in electric
field in the absorption region the electron current
includes both drift and diffusion currents. The
above condition means that at the absorption/barrier
interface the drift and diffusion currents are equal,
but in opposite directions

D, 2" = _en. (1)
oy

Step 3) Assume uniform illumination over the cross section
of the absorption region (we assumed other illumi-
nation distributions as well, and the results were al-
most identical), and an exponential decay along the
length of the device with a given effective absorp-
tion coefficient, which depends on the details of the
optical design (it is possible to use a different lon-
gitudial distribution as may result from the optical
design of the structure). Express the generation rate
of electrons in the absorption region as function of
optical power, spatial coordinates and time.

Step 4) Solve analytically the above equations for the elec-
tron density. This goal was achieved by use of the
separation of variables approach. This method as-
sumes that the electron density function is a product
of three functions, each one a functions of only one
spatial coordinate. Thus the partial differential equa-
tions separate into three ordinary differential equa-
tions, which can be solved analytically. This ap-
proach works well in this case, and we were able to
achieve an analytical solution.

Step 5) Calculate the vertical electron current density, which
is injected from the absorber into the depletion I
layer (basically a diffusion current at the absorber/
depletion interface)

J = ana—n. 2)
Ay
Step 6) Calculate the vertical electron current density along
the device length taking into account the transport
via the intrinsic layer. A unit charge carrier traveling
via the depletion region at the saturated velocity in-
duces a current pulse of the shape:

A

F(1)

T is the delay which is equal to the depletion layer
thickness divided by the saturated velocity (~107
cm/s). This is the impulse response of the deple-
tion region. To find the electron current density after
passing via the depletion region, the result from Step
5) is multiplied by the transfer function (Fourier
transform of the above impulse response)

H(f) = sinc(fr)e ™I, 3)

Step 7) Calculate the intrinsic device distributed capacitance
(intrinsic layer capacitance). For proper operation,
the depletion region must be fully depleted (by ap-
plying enough reverse bias), so the capacitance can
be approximated by the parallel plate capacitance

C =e(W Lg)/d;. 4)

See the Appendix for symbol definitions. The end
result for the intrinsic device model is a section of
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Fig. 2. Distributed model for intrinsic UTC-TW PD.

an active distributed transmission line, as depicted
in Fig. 2. The model includes a distributed current
source along a transmission line with a known ca-
pacitance per unit length. z = 0 corresponds to the
input facet, and z = L corresponds to the end of the
device, namely, the point where the load impedance
is connected (represented in Fig. 2 by the resistor
Rp), which may or may not be equal to the charac-
teristic impedance of the transmission line, Zy. The
model was implemented in MATLAB, which calcu-
lates the distributed current source and capacitance.
This distributed model can be used in a circuit simulator (such
as Microwave Office) to simulate the performance of the photo
detector along with various microwave matching networks in-
tended to optimize the performance for any given application.

IV. NEw 100-GHz PHOTO DETECTOR

The new model described above was used to design a
UTC-TW photo detector with an intrinsic 3-dB bandwidth
of 100 GHz. The intrinsic device has the following physical
parameters: absorber thickness: 0.1 pm, I layer thickness:
0.27 pm, mesa width: 2 pm, length: 27 pm. The designs were
implemented by use of a coplanar waveguide structure on an
InP substrate. The intrinsic device features about 100 GHz
RC limited 3-dB bandwidth and about a 160-GHz transit time
limited 3-dB bandwidth.

Design 1: Photo detector resonated by an open stub at
100 GHz including impedance transformation to enhance
output power. The layout and simulated frequency response
are depicted in Fig. 3(a) and (b), respectively (photo detector
connected on left, probe pads on right). Vertical scale is output
power in dBm. By resonating the intrinsic device capacitance
one can bypass the RC limit, and operate at frequencies ap-
proaching the transit time limit, and even beyond. In design
1 a frequency of 100 GHz was selected. It can be seen that
the expected output power at 100 GHz is about the same as
for the low frequency end. This was achieved by impedance
transformation.

Design 2: Photo detector with an impedance transformer at
100 GHz. The layout and simulated frequency response are de-
picted in Fig. 4 (photo detector connected on left, probe pads on
right). Vertical scale is output power in dBm. This design fea-
tures a quarter wavelength transformer intended to enhance the
output power at 100 GHz. It can be seen that this design has a
wider bandwidth compared to the resonant design (Design 1),
and thus less sensitivity to fabrication tolerances.

V. MEASURED DATA FOR THE 100-GHz DEVICE

The 100-GHz device outlined in Section IV has been fabri-
cated and tested. The test results are presented in the following.
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Fig. 3. (a) Layout and (b) simulated response of design 1 for 10-mW absorbed
optical power.

Photographs for design 1 and 2 are depicted in Fig. 5. Unfor-
tunately, all the devices of design 2 (transformer) were shorted
out during the plating up process due to very narrow gap, as can
be seen in Fig. 5(b). Thus, these devices could not be measured.
The resonant devices were measured, and the results are shown
below.

The frequency response of the resonant (design 1) was mea-
sured up to 110 GHz. The absolute frequency response mea-
sured by the heterodyne approach (two optical signals illumi-
nating the photo detector simultaneously (see Fig. 6) is depicted
in Fig. 7. This response demonstrates the capabilities of this de-
vice to operate beyond 100 GHz.

The graph in Fig. 7 has the same form as the simulated graph
in Fig. 3(b). To get a better comparison between measurement
and simulation, the two normalized frequency response curves
were superimposed on the same graph. The result is depicted in
Fig. 8. This result demonstrates good agreement between sim-
ulation and measurement. The main difference is the response
value at the peak around 100 GHz. The measured data is a few
decibels lower compared to the simulated results. This differ-
ence is attributed to a high resistance of the p contact. This
conclusion was reached by measuring the S1; parameter of the
device, and comparing to the simulated circuit data. The com-
parison obtained perfect match of the simulated and measured
values of S for a series resistance value of 39 (2 (instead of the



226 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 57, NO. 1, JANUARY 2009

Graph 7

10
|

= DB(S(2,1))) 04

5 3\& no_stub_resonan
0
-5

-10

o

50 100 150 200
Frequency (GHz)
(b)

Fig. 4. (a) Layout and (b) simulated response of design 2 for 10-mW absorbed
optical power.

UTC-WIP
a0 E
Coupler
ATT — Spectrum
Analyzer

Fig. 6. Heterodyne system to measure frequency response.

design value of 10 €2). This high value of resistance was traced
to a contamination in an old evaporator used to deposit the metal
for the p contact.

The simulated response of the resonant design was recalcu-
lated by using the actual value of the series resistance. The new
simulation results together with the measured data are depicted

Received Electrical Power (dBm)

Frequency (GHz)

Fig. 7. Frequency response of the resonant design.
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Fig. 8. Measured and simulated normalized frequency response of the resonant
design.
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Fig.9. Measured and simulated normalized frequency response of the resonant
design with the actual series resistance and capacitance.

in Fig. 9. It can be seen that now the simulated and measured
results agree very well. In addition, we can expect that a new
run of these devices is going to yield a response very close to
the original design.

VI. SIMULATED PERFORMANCE LIMITS

In view of the results of the 100-GHz photo detector, and the
reasonable correlation between measured and simulated perfor-
mance, we have used the model to calculate some performance
limits of the UTC-TW photo detector. The purpose is to obtain
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Fig. 10. Frequency response of a “next generation” PD resonated at 1 THz.

an estimate of the limits of frequency of operation (for genera-
tion of microwave signals by heterodyning two optical signals)
as well as output power and efficiency.

The “next generation” PD that we have simulated has the
following dimensions: absorber: 50 nm, I layer: 50 nm, mesa
width: 2 pm, length: 27 pm. Simulation indicates that this de-
vice has a transit time limited 3-dB bandwidth of 800 GHz,
however, the RC limited 3-dB bandwidth is 25 GHz. Although
this device is not a practical wideband photo detector, by res-
onating the device capacitance, one can use it to generate signals
approaching 1 THz with an instantaneous bandwidth of about
25 GHz. This is demonstrated in Fig. 10, where the frequency
response is depicted for a 1-THz resonant frequency and an ab-
sorbed optical power of 10 mW and a load impedance of 50 2.

The above simulation indicates that even at 1 THz an output
power of 1 mW is feasible. It should be noted that the above
result does not take into account the microwave circuit losses.
However, impedance transformation can be used to increase the
load impedance, thereby increasing the output power. So, the
above estimate is reasonable.

VII. CONCLUSION

In this paper, a novel model for the UTC-TW photo detector is
presented. The model is analytical and very fast, and can be used
as a design tool. The application of the model as a design tool
is demonstrated by designing, fabricating and testing a photo
detector operating at frequencies exceeding 100 GHz. The de-
veloped device is intended for generation of millimeter waves
by heterodyning two optical signals. The model has been vali-
dated by comparing the experimental and simulated results.

APPENDIX

This appendix includes some details about the derivation of
the new model. The cross section view of the device is depicted
in Fig. 11.
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Fig. 11. Cross-section view of UTC-TW photo detector.

The analysis is performed for the reversed bias device and il-
luminated by two optical signals of equal amplitude and a small
frequency separation w,,,

P,pt = P,(1 4 coswy,t). (A-1)

The key to the device performance is the photo generation at
the absorption layer, thus the main effort of the modeling in-
volves solution for the photo-generated electron density in the
absorption region. For uniform illumination across the absorp-
tion region the generation rate of electrons

. Py(1 4 coswp, (t — 1))
(hv)Wd,

—Qez

G, = (A-2)

a.: effective absorption coefficient, 73 = z/ Uopt: Propagation
delay along longitudinal (z) axis. The continuity equation

1

"G, v, + v, (A-3)

ot q

U, = ﬁ (A-4)

Tn

P 9

o= quane Y +qDy (1= +252) . (A5)
dy 0z

e is the built in electric field. Inserting all into (A-3), we get

7]
8—:’ = Go(1 4+ coswpm(t —7))e <
n ’n  9%n on
—— 4+ Dy | = + = nE— (A-6
™ <3y2 - 322) MG "oy (A-0)
where
G, — a. P,
(hv)Wd,
Express electron density as sum of dc and ac terms
n= NDC(%Z) + Um(y>Zt)
n = Npc(y, 2) + Mmo (Y, 2) cos(wmt + bm). (A7)

Inserting (A-7) into (A-6) get the complete continuity equa-
tion, which is now separated into the following dc and ac equa-
tions.

DC equation

82NDC 82NDC BNDC % G
oy? 072 oy D,

o —a.-_ Nbc
D, L2

n

=0.

(A-8)
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AC equation

— WimnMmo SIN(wimt + 6,,)

—ez

= G, coswpy(t —T)e

_ 77:;0 cos(wmt + 0,) + tine g’;f’ cos(wmt + 6,,)
aanO a2nmo
# 0 (T T ) eosome + ). 49

As common in such analysis, we now switch to frequency
domain by replacing the time domain quantities with phasors

TIhmo COS(wmt + em) — moejwmt- (A-lO)
The final ac equation is
82]\']-mo + 82]\']-mo He aJ\/v’mo Nmo
oy? 022 D, 0y L2 (w)
HGope V) Z 0 (A-11)
where
L, G
Ly,(w)= ———— Go = 0

V14t jwmTh D,

Both equations are nonhomogeneous partial differential
equations in y and z. The dc and ac equations can be solved
independently. Both solutions follow the same procedure.

1) Express the complete solution as sum of the particular so-
lution, which has the same functional form as the “driving
signal” (photo-generated electrons), and the solution to the
homogeneous equation.

2) Find the coefficients of the particular solution by substi-
tuting into the original equation.

3) Solve the homogeneous equation by using separation of
variables: n = nq(y)na(2).

4) Complete the solution and find expressions for the coeffi-
cients by applying the boundary conditions.

The boundary conditions are as follows:

* n(y = 0) = 0: no electrons in depletion region.

- (@On)/@y)(y = dy) = (~Vo)/(Du)nly = d,): zero
electron current across the barrier (pu,e = Ve).

The solution to the dc equation has the following form:

n(y,z) = [A1e™Y + Aze™Y]e™ % + Aze™ Y%, (A-12)

The coefficients A1, As, A3, 1, and 72 are expressed in terms
of the equation coefficients and boundary conditions. Equation
(A-12) can be used to find the expression for the total current
injected into the depletion region

In = qinne + anA’I’L

at

and

Lg

IDC = /JanZ
0

Ly, is the active region length. The expression is shown in (A-13)
at the bottom of this page.
Similarly the solution to the ac equation is

Npo = [B1efY + Byef?¥] 7<% 4 Bye ™%, (A-14)

Qee = e + (Jwm)/(Vopt) and the coefficients in (A-14) are
expressed in terms of the coefficients in (A-11) and the boundary
conditions. Note that these coefficients are complex functions of
frequency, while the coefficients in (A-12) are constants. Finally
the expression for the current density injected into the I region
is shown in (A-15) at the bottom of this page.

The last step in the calculation of the photo-generated current
density is to take into account the transit via the intrinsic layer.
As explained in Section III, Step 6), this is taken care of by mul-
tiplying the current density in (A-15) by the “transfer function”
of the I layer, which is expressed in (3). Further multiplying the
above by the mesa width W, one gets the expression for the
photo-generated current per unit length along the length of the
device (z). This expression is used to calculate the distributed
current source in the device model shown in Fig. 2.

e

rire(ertde — er2dr) —

[ra(erste = 1) = ra(en ~ 1)

e~cla _ 1
Inc = qDy AsW = V { } (A-13)
(T2€r2dp _ ,rlerldp> + _e( rodp, _ erldp> — Qe
Rid Rod Ve Rod Rid
Rle(e 1dp _ ok p)_D_[Rl(e 2 P—l)—RQ(e 1 p—l)]
Jn = gDy Age—0e n (A-15)

Ve
(R2er2dp _ Rlehdp) + D_(eRde _ eRldp)

n
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