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Interdigitated finger capacitance of a continuous-wave terahertz photomixer is calculated using the finite element

method. For the frequently used electrode width (0.2 µm) and gap width (1.8 µm), the finger capacitance increases

quasi-quadratically with the number of electrodes increasing. The quasi-quadratic dependence can be explained by a

sequence of lumped capacitors connected in parallel. For a photomixer composed of 10 electrodes and 9 photoconductive

gaps, the finger capacitance increases as the gap width increases at a small electrode width, and follows the reverse

trend at a large electrode width. For a constant electrode width, the finger capacitance first decreases and then slightly

increases as the gap broadens until the smallest finger capacitance is formed. We also investigate the finger capacitances

at different electrode and gap configurations with the 8 µm × 8 µm photomixer commonly used in previous studies.

These calculations lead to a better understanding of the finger capacitance affected by the finger parameters, and should

lead to terahertz photomixer optimization.
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1. Introduction

By using an interdigitated metal finger coupled to

a planar photoconductive (PC) antenna fabricated in

low-temperature-grown GaAs (LTG-GaAs), the ter-

ahertz (THz) optical-heterodyne conversion or pho-

tomixing technique initiated by Brown et al.,[1] has

been spread and developed. In a photomixer, two

above-bandgap continuous-wave (CW) visible or near-

infrared frequencies are combined, generating a beat

optical signal at the THz frequency, which modu-

lates the conductivity of a PC switch in the interdig-

itated finger region via photogenerated electron–hole

pairs. In the presence of an external bias voltage ap-

plied to the photomixer, the resulting THz current

drives the PC antenna and generates CW monochro-

matic THz radiation in free space. Since these all-

PC systems can be driven by inexpensive, compact

and tunable diode lasers,[2,3] they may become com-

pact, low-power consuming, and cost-effective com-

mercial terahertz products.[4] The narrow spectral

bandwidth and tunable frequency of the photomix-

ers make them attractive sources for local-oscillator

heterodyne detection in astronomy,[5] high-resolution

molecular spectroscopy,[6,7] and medical imaging.[8]

However, low output power is the most intractable

issue that has impeded efficient use of THz photomix-

ers in some applications, such as local oscillators in

communications and heterodyne detection systems.

As shown in Fig. 1(a), a photomixer is composed of

an interdigitated metal finger connected to a bow-tie

antenna with a bias voltage VB. All of the metal

structure is fabricated on the surface of LTG-GaAs.

Figure 1(b) is the equivalent circuit diagram for the

photomixer, where R(t) is the modulated resistance of

the PC gap. According to this equivalent circuit, the

output spectra of a photomixer can be expressed by a

two-time-constant expression as[9]

P (ω) =
P0

[1 + (ωτeh)2][1 + (ωRAC)2]
, (1)

where ω is the frequency of THz wave, P0 is the refer-

ence output power at low frequencies, τeh is the pho-
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tocarrier lifetime, RA is the radiation impendence of

planar PC antenna, and C is the interdigitated finger

capacitance. It shows that on the higher-frequency

side, the output power is influenced by τeh and RAC

and decreases dramatically by 12 dB/octave. There-

fore, in order to produce high output power, both pho-

tocarrier lifetime τeh and interdigitated finger capaci-

tance C should be optimized to be as small as possible.

Photocarrier lifetime τeh is determined by LTG-GaAs

that has been optimized previously,[10,11] and capac-

itance C is determined by the geometric structure of

an interdigitated metal finger that has never been op-

timized.

In this paper, by using the finite element method

(FEM), we calculate the interdigitated finger capac-

itances of a CW-THz photomixer in different device

configurations in order to optimize the photomixer de-

sign. According to the simulated results, it is found

that the values of finger capacitance have been ob-

viously influenced by the number of metal fingers Ne,

electrode width Le, and PC gap width Lg. The depen-

dence between finger capacitance and different pho-

tomixer configurations reveals a very useful way to

optimize THz photomixers.

LTG GaAs
LTG GaAs

(b)

(c)
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Lg
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y

xz
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VB
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Fig. 1. (colour online) (a) Top view of the interdigitated

finger structure commonly used in a CW-THz photomixer,

consisting of a bow-tie PC antenna coupled to the external

circuit, (b) equivalent circuit diagram for the photomixer

and antenna, and (c) cross-sectional view of active region

along dashed line shown in panel (a).

2. FEM analysis for finger capac-

itance

The finite element method (FEM) is the most ef-

fective method to use in complicated geometries.[12]

Based on this method, we attained the finger capac-

itance when the parameters of interdigitated finger,

such as electrode number Ne, electrode width Le, and

gap width Lg, are changed freely. For simplicity, we

make the following assumptions concerning the inter-

digitated finger photomixer. (i) A static bias voltage

VB applied to two adjacent electrodes can be used in

this simulation. In practical work, the bias VB was

alternated to facilitate lock-in detection, but the di-

electric relaxation time is far less than the period of

the alternated bias so that the dielectric polarization

of the device, hence the capacitance, is unaffected.

(ii) No free charges exist in the PC gap. It can be

explained as follows: first, before the beat laser drives

the photomixer, no photocarrier electron–hole pairs

are generated in the PC gap. Second, LTG-GaAs can

be treated as insulator that has an estimated bulk

resistivity of ∼ 107 Ω·m so that the electrical cur-

rent driven by VB is very small. (iii) All of the metal

electrodes are in the state of electrostatic equilibrium.

This is because metal electrodes are perfect electri-

cal conductors composed of Cr and Au. Based on

this assumption, metal electrodes can be viewed as

equalpotential object in order to the simplify bound-

ary condition. (iv) Considering that the spot of the

beat laser is circular, the active area is assumed to be

a square in order to use the active area sufficiently.

Based on assumption (ii) and electrostatic theory, the

scalar electric potential Φ(x, y, z) of the interdigitated

finger area of the photomixer obeys Laplace’s equation

and can be expressed as

∇ · ∇[Φ(x, y, z)] = ∇2Φ(x, y, z) = 0. (2)

Figure 1(c) is the cross-sectional view of active re-

gion along the dashed line shown in Fig. 1(a). The

coordinate system is shown in Fig. 1(c). Consider-

ing the symmetrical characteristic in the central xoy

plane and periodical characteristic along the x axis,

we only need to simulate an elementary unit of the

photomixer. The length of the unit along x axis is

2L (−L ∼ +L), and the thickness of the unit along

y axis is 2D (−D ∼ +D) as shown in Fig. 2. The

electrical field E in the central yoz plane between two

adjacent electrodes is perpendicular to this plane, so

the potential gradient in this plane along the x axis is

zero. The two metal electrodes are biased by an ex-

ternal field, so the boundary condition of the interface

between the electrode and LTG-GaAs is of a Dirich-

let boundary. The electric potential of the electrode

in the left of the y axis is Φ = VB/2, and the right

one is Φ = −VB/2. The zero potential plane is the

undersurface of photomixer. Definitions of boundary

conditions are shown in Table 1.
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Fig. 2. (colour online) Schematic diagram of the bound-

ary condition in the central cross-section of an elementary

unit in a photomixer along the xoy plane.

Table 1. Definitions of boundary conditions, n rep-

resents the normal vector of yoz plane.

x = −(Le + Lg/2) ∼ −Lg/2, y = D Φ = VB/2

x = −L ∼ L, y = −D Φ = 0

x = −L, y = 0 ∂Φ/∂n = 0

A tetrahedral mesh is utilized in this simulation.

The FEM calculations provide the nodal potential of

the tetrahedral mesh for calculating potential distri-

butions in other parts of the tetrahedral mesh, which

satisfies the following linear matrix equation:

KΦ = 0, (3)

where K is the coefficient matrix and Φ is the poten-

tial matrix of nodal potential. Thus, the discrete form

of Eq. (3) is

n∑
j=1

Kijφj = 0, (i = 1, 2, . . . , n), (4)

where ϕj is the nodal potential of all vertices of tetra-

hedral mesh; n is the total number of tetrahedral

meshes, and it is sensitive to both the accuracy and

duration of the calculation. Here, we choose the edge

length of a tetrahedral mesh that is one percent of

the whole active area in size. According to Eq. (2)

and variational method, the matrix element of K is

obtained as

Kij =

∫
Ω

∇Ψi · ∇Ψj dΩ

=

en∑
e=1

∫
Ωe

∇Ψe
i · ∇Ψe

j dΩ =

en∑
e=1

Ke
ij , (5)

where Ω represents the whole volume of the pho-

tomixer, Ωe is the volume of the elementary tetra-

hedral mesh, en is the marker sign of each tetrahedral

mesh, Ψe
i is cardinal interpolation function related to

the tetrahedral mesh and has the following form:

Ψe
i =

4∑
i=1

(pi + qix+ riy + siz), (6)

where pi, qi, ri, and si are interpolation coefficients de-

termined by the position of tetrahedral mesh. i = 1,

2, 3, 4 represent the four vertices of tetrahedral mesh.

According to Eqs. (5) and (6), matrix equation (4) can

be calculated numerically. The normalized potential

distribution of an elementary unit in the photomixer

is shown in Fig. 3.
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Fig. 3. (colour online) Normalized electric potential dis-

tribution in the central cross-section of the photomixer

along the xoy plane.

Other field quantities, such as electrical field

E(x, y, z) and electrical displacement field D(x, y, z),

can be obtained from Maxwell’s differential equations

as

E(x, y, z) = −∇Φ(x, y, z),

D(x, y, z) = −εrε0∇Φ(x, y, z), (7)

where εr is 12.8 for GaAs, and ε0 is the permittiv-

ity of free space. According to electrostatic energy

storage theory, electrostatic energy stored in interdig-

itated photomixer has the following form

W =
1

2

∫
Ω

D · EdΩ =
1

2

∫
Ω

ε0εr |∇Φ(x, y, z)|2dΩ

=
1

2
ε0εr

en∑
e=1

∫
Ωe

[(∂Φ
∂x

)2

+
(∂Φ
∂y

)2

+
(∂Φ
∂z

)2]
dΩe. (8)

Finally, finger capacitance can be calculated from the

following formula

C =
2W

VB

=
ε0εr
VB

en∑
e=1

∫
Ωe

[(∂Φ
∂x

)2

+
(∂Φ
∂y

)2

+
(∂Φ
∂z

)2]
dΩe. (9)
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In this calculation, we assume electrode width Le and

gap width Lg to vary from 0.1 µm to 10.0 µm and

the number of electrode, Ne, to change from 2 to

10. The active area of photomixer is expressed as

S = [NeLe + (Ne − 1)Lg]
2, that is to say, the active

area of the interdigitated finger calculated varies from

0.09 µm2 to 8.41× 104 µm2.

3. Results and discussion

One important issue in designing photomixers is

the dependence of capacitance and electrode number

for the given electrode width and gap width. In pre-

vious work,[13] it was found that the change in the

trap occupation of the photoconductor close to metal–

semiconductor junction will give a highly non-uniform

electric field distribution, leading to some phenomena

such as near-anode enhancement. Since the bias is

alternated with respect to facilitate lock-in detection,

this phenomenon can be seen near both electrodes. In

order to make these two enhanced fields overlap in the

PC gap, the optimum electrode width and gap width

are fabricated to be 0.2 µm and 1.8 µm, respectively.

The capacitance is plotted in Fig. 4 as a function of

the electrode number for the photomixer with a fixed

gap width (1.8 µm) and electrode width (0.2 µm). In

this case, the electrode number increases from 2 to 10,

and its corresponding active area varies from 4.84 µm2

to 331.2 µm2, which generates a minimum and maxi-

mum capacitance of 0.07 fF and 4.84 fF, respectively.

If the photomixer is fitted with a broadband spiral

antenna, whose radiation resistance is given by

RA =
60π

[(εr + 1)/2]1/4
= 70 Ω, (10)

it will produce an RAC time constant in a range from

5.0 fs to 348.5 fs. The capacitance, active area, and

RAC time corresponding to different numbers of elec-

trode are listed in Table 2.
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Fig. 4. Plot of electrode capacitance as a function of the

electrode number with a fixed gap width and electrode

width having optimal values of 1.8 µm and 0.2 µm, re-

spectively.

Table 2. The active area S, capacitance C, and RAC time verse numbers of electrode Ne with a fixed gap width

and electrode width having optimal values of 1.8 µm and 0.2 µm.

Ne = 2 Ne = 3 Ne = 4 Ne = 5 Ne = 6 Ne = 7 Ne = 8 Ne = 9 Ne = 10

S/µm2 4.8 17.6 38.4 67.2 104.0 148.8 201.6 262.4 331.2

C/fF 0.07 0.26 0.56 0.98 1.52 2.18 2.95 3.84 4.84

RAC/fs 5.0 18.7 40.3 70.6 109.4 157.0 212.4 276.5 348.5

From Fig. 4 and Table 2, it is clearly shown

that the electrode capacitance increases quasi-

quadratically with the increase of electrode number.

This phenomena can be understood as follows: each

of all the gaps between two adjacent electrodes can be

modeled by a lumped capacitor connected in parallel

as shown in Fig. 5, where Cj represents the increment

of finger capacitance when electrode number increases

from j to j + 1. This equivalent circuit means that

new capacitor will be added to this equivalent circuit

when the number of electrodes is increased. In light of

this model, we find that the values ofthe capacitance

sequence are an arithmetical series expressed as

Cj = [C2 + (j − 1)× 0.12] [fF],

Csum = C2 + · · ·+ Cj + · · ·+ CNe−1

=
[
(Ne − 1)× 0.07

+
Ne(Ne − 1)

2
× 0.12

]
[fF]. (11)

The first term is 0.07 fF and the common difference

is 0.12 fF. According to this model, the capacitance

increment and sum capacitance of photomixer can be

easily obtained when an electrode is added to the ac-

tive area. Based on the above analysis, it seems to

point out that one should design a photomixer with
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fewer electrodes in order to move the 3-dB roll-off

point to higher frequency.

C2 C3 Cj CN -1e

Fig. 5. Lumped capacitance equivalent circuit for the

photomixer interdigitated electrode, where Cj (j > 1) rep-

resents the increment of sum capacitance when the number

of electrode increases from j to j + 1, C2 represents the

capacitance of photomixer with two electrodes.
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Fig. 6. (colour online) Dependences of finger capacitance

and finger parameter with 10 metal fingers. (a) Curves

of calculated finger capacitance versus electrode width in

different PC gaps of 0.1, 0.5, 1.0, 5.0, and 10.0 µm, and

(b) curves of calculated finger capacitance versus PC gap

width in different electrode widths of 0.1, 0.5, 1.0, 5.0, and

10.0 µm.

For the practical work, the photomixer seldom has

optimum values of 0.2 µm and 1.8 µm as discussed

above because the design principle of photomixer may

also be based on other standards, such as easy fabrica-

tion and thermal burnout. Therefore, it is important

to calculate interdigitated finger capacitance as a func-

tion of Le and Lg with a fixed number of electrodes.

Figure 6(a) shows plots of the finger capacitance as

the function of electrode width at gap widths of 0.1,

0.5, 1.0, 5.0, and 10.0 µm for fixed Ne (Ne = 10). At

low values of Le, the finger capacitance increases with

the value of Lg increasing from 0.1 µm to 10.0 µm. At

high values of Le, this trend reverses. This extraor-

dinary phenomenon means that it is proper to design

interdigitated finger with narrow gap width to attain

low finger capacitance in low values of electrode width.

In fact, the electrode must be wide enough to being

fabricated in lithographic processes and sufficiently ro-

bust for withstanding high photocurrents, so high val-

ues of gap width should be chosen. In this case, high

values of electrode width should be chosen to obtain

a relatively low finger capacitance. For the different

values of Le, the finger capacitance first decreases and

then increases slightly as Lg increases, which leads to

the smallest value of finger capacitance. The small-

est capacitances and its corresponding gap width are

listed in Fig. 6(b). This means that we can choose an

optimal value of gap width Lg to obtain the smallest

finger capacitance when electrode width Le has been

defined in advance.

The advantage of using interdigatated fingers in a

THz photomixer is that both the length of the metal–

semiconductor interface at the electrodes and the con-

ductance can be effectively increased, and hence the

impedance match with the PC antenna is improved.

The disadvantage is that both capacitance and de-

vice heating increase, and hence laser beam drift is

induced, which will certainly reduce the output power

of CW-THz radiation. In order to overcome these un-

expected effects, steps should be taken to solve the

incompatibility. First, the active area should be re-

duced to match the diffraction limitation of the laser

beam in order to reduce electrode capacitance, but

this should be a compromise in terms of the maxi-

mum current limit for device damage. Second, the

active area must be large enough for being fabricated

by using lithographic processes and sufficiently robust

for withstanding high photocurrents, but this is at the

expense of the increased capacitance and the drift of

the laser beam. Therefore, it is suggested to choose an

active area matched to the laser beam diameter and

guarantee the device to work properly without ther-

mal damage, and then make a compromise by choosing

the proper dimensions of the interdigitated fingers and

gaps in the active area in order to reduce finger capac-
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itance. Here, we focus on how to design metal elec-

trodes in a constant active area to attain a relatively

low finger capacitance. In our calculation, the finger

capacitance with an 8 µm × 8 µm active area that

was commonly used in previous studies[14,15] is inves-

tigated. The active photomixer area can be calculated

from S = [NeLe + (Ne − 1)Lg]
2, for S = 64 µm2, we

obtain

Lg = (8− LeNe)/(Ne − 1) [µm]. (12)

Because Lg must be positive, the electrode width Le

should be positive and not more than 8/Ne. The cal-

culated results are shown in Fig. 7. At low values of

Le, the finger capacitance increases first slowly, then

rapidly as Le reaches relatively high values. Based on

this phenomenon, it is better to fabricate metal elec-

trodes with a low value of Le under the precondition

of easy fabrication in order to attain a relatively low

finger capacitance in a defined active area. Moreover,

it means that we can obtain the same capacitance by

using large Ne with small Le as that by using small

Ne with big Le. For example, if the photomixer is

coupled to a 72-Ω spiral PC antenna, 2.75-fF finger

capacitance means that the 3-dB roll-off frequency of

the power output spectrum is 5 THz. Such device

performance can be obtained as shown by the dashed

line in Fig. 7, the values of Ne, Le, and Lg are listed

in Table 3. This property will facilitate photomixer

design.
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Fig. 7. Curves of finger capacitance of 8 µm×8 µm active

area versus Le in different values of Ne, with the dashed

line representing 2.75 fF finger capacitance.

Table 3. Different values of Ne, Le, and Lg to form 2.75-fF finger capacitance in 8 µm× 8 µm photomixer.

Ne = 2 Ne = 3 Ne = 4 Ne = 5 Ne = 6 Ne = 7 Ne = 8 Ne = 9 Ne = 10

Le/µm 3.94 2.46 1.63 1.10 0.76 0.52 0.36 0.25 0.18

Lg/µm 0.12 0.36 0.49 0.63 0.69 0.73 0.73 0.72 0.69

C/fF 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75

In previous work, by using the method of confor-

mal mappings,[16,17] the values of finger capacitance

are analytically calculated by the following equation

C ≈ π(1 + εr)ε0S

2(Le + Lg) log[2(1 +
√
κ)/(1−

√
κ)]

, (Le < Lg),

κ =
{
1− tan4 (πLe/4 (Le + Lg))

}1/2
. (13)

For a photomixer composed of a finger pattern with

an active area of 400 µm2 (64 µm2) and with 11(4)

interdigitated fingers with width 0.3 µm, the finger

capacitance is calculated from Eq. (13) to be 2.8 fF

(0.5 fF). By using the FEM in this paper, numeri-

cal calculations predict the total capacitances to be

approximately 6.9 fF and 0.8 fF, respectively. These

are consistently greater than the values analytically

calculated for similar structures by Eq. (13) because

the effect of screening is considered in this simulation.

These trends are in good agreement with the experi-

mental results given by McIntosh et al.[18] and other

simualtions using an electromagnetic simulator.[19]

However, the absolute finger capacitances are some-

what different between simulation and experiment.

The reason for the difference may be attributed to

the thickness of the metal electrode and the imperfect

Ohmic contact between metal and LTG-GaAs. In ad-

dition, the constraint condition imposed on Eq. (13)

is avoided in this simulation. Thus, the results we ob-

tained have a large application scope. According to

this, we can fully understand the dependence between

device configuration and finger capacitance and pro-

vide a guideline to optimize the experimental work.

4. Conclusion

In this paper, we use the FEM to calculate the in-

terdigitated finger capacitances of a THz photomixer

with different configurations. Finger capacitance in-

creases almost quadratically with the increase of elec-

trode number, with gap width and electrode width

fixed, and this phenomenon can be simply understood

by the capacitor originating from interdigitated fingers

connected in parallel. For a small electrode width,

the finger capacitance increases as the gap width in-
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creases, and this trend reverses for a large electrode

width. For a constant electrode width, the finger ca-

pacitance first decreases and then increases slightly as

gap width increases, which leads to the smallest value

of finger capacitance and an optimum gap width for

designing photomixers. For the most commonly used

8 µm× 8 µm active area, finger capacitance increases

slowly at low values of electrode width and then in-

creases rapidly at high values of electrode width. The

values of finger capacitance numerically calculated by

the FEM are greater than the values calculated from

the traditional method of conformal mappings, and

are consistent with experimental results. All the cal-

culated finger capacitances at different photomixer

configurations can firmly facilitate the design of pho-

tomixer to attain a relatively low capacitance under

the precondition of easy fabrication, device thermal

burnout avoidance, and ease of laser alignment.
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