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Photoconductive antenna (PCA) is one of the most widely used terahertz (THz) devices nowadays.

Although PCAs have been extensively studied through both theoretical analysis and device design,

there still lacks a common agreement upon the mechanism of THz radiation. One of the central

questions is how to distinguish and assess the contribution of the antenna structure and in-gap pho-

tocurrent to the overall radiation of a PCA. In this work, a three-dimensional full-wave model was

first used to quantify the overall far-field radiation of PCAs. The commercial solver (i.e., HFSS)

and the Hertzian dipole approximation method were then applied to quantify the far-field radiation

solely from the antenna structure and in-gap photocurrent, respectively. The contribution of the

antenna structure and in-gap photocurrent can therefore be distinguished by comparing the simula-

tion results among the three methods. The results suggest that, although the THz radiation origi-

nates from laser-excited photocurrent within the gap, the overall THz radiation of a PCA is

predominated by the antenna structure. As a validation, the cancellation effect was predicated by

numerical simulation of coplanar stripline PCA and confirmed with experiment using butterfly

shaped stripline PCA. The presented work uncovers the details of the underlying radiation mecha-

nism of the PCA. This could inspire PCA design that aims for engineering the radiation properties

of a PCA for specific applications. Published by AIP Publishing. https://doi.org/10.1063/1.5038341

I. INTRODUCTION

Terahertz (THz) photoconductive antenna (PCA) has

been extensively used in applications spreading over various

fields, such as non-destructive inspection, biomedical diagno-

sis, security screening, and chemical fingerprinting.1–3 The

earliest demonstration of THz radiation from a PCA was

accomplished by Auston et al. Thus, it is also known as the

Auston switch,4,5 which was fabricated by depositing dipole-

like electrodes on an epitaxial silicon film on a sapphire sub-

strate. In this pioneer work, THz radiation of this PCA device

was attributed to the decay of the in-gap photocurrent excited

by an ultrafast laser pulse. In addition, the geometry of the

electrodes was found to influence the response of the THz

radiation but it was not fully investigated.6,7 Since then, mas-

sive effort has been devoted to understanding and manipulat-

ing the radiation properties of PCAs by means of both

theoretical/numerical analysis7–18 and experiments,6,10,11,19–27

which greatly extend our understandings of the THz radiation

mechanism therein. Recently, nanostructures were integrated

into the structural design of PCAs and significant enhance-

ments in THz radiation have been observed.28–31 In addition,

the combination of vertically illuminated PCA and uni-

traveling carrier design has shown promising enhancement of

THz radiation.32 Regardless of those great achievements,

there still lacks a universal physical explanation of the THz

radiation mechanism of the PCA. One of the open questions

is how to distinguish and assess the contribution of the

antenna structure and in-gap photocurrent in the radiation

process. The answer to this question is desired for engineer-

ing the radiation properties of PCAs.

Currently, the physical models that have been developed

to describe the far-field radiation process of a PCA can be

categorized into three types. The first type of model attrib-

utes the THz radiation to the laser-excited photocurrent J
within the gap region in between the electrodes. Since the

transient in-gap photocurrent oscillates in picoseconds, it

will excite THz-band radiation in the far field, which is pro-

portional to the time derivative of the photocurrent via

E / dJ=dt (Hertzian dipole approximation method). In this

context, the PCA was treated as an electrically small point

dipole since the dimension of the antenna structure is usually

much smaller than the wavelength of the radiation, and the

contribution of the antenna structure was not within consid-

eration. The photocurrent was then deduced from the carrier

dynamics by using the current surge model33,34or the Drude-

Lorentz model.8,9 However, many experiments show that

the THz radiation (especially the bandwidth) of a PCA is

strongly related to the dimension/geometry of the antenna

structure.5,21,23 To address this issue, a second type of model

was developed with the hypothesis that the THz radiation of

the PCA is solely from the antenna structure, which works as

a common electric antenna fed by a photocurrent source. A

representative is the equivalent circuit model,12,13,35–37 in

which the PCA is described as a lumped-element circuit. To

ensure a closed circuit, this model assumes that the gap

region is fully illuminated by a laser beam, which, unfortu-

nately, is not true for many cases.38–40 In addition, the gener-

ation of photocurrent and far-field radiation is calculated

independently in this model, while in reality, they happen

simultaneously and are coupled together; thus, changing one
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will eventually affect the other. The representative of the

third type is the three-dimensional (3D) full-wave model, in

which the generation of photocurrent in all places (i.e.,

within the gap and underneath the antenna structure) and the

electromagnetic radiation are inherently coupled together

based on the physical behaviors of the photoconductive

device.14–16,41 To implement the coupling in the model, the

real-time photocurrent calculated from carrier dynamics

equations is used as the excitation source in Maxwell’s equa-

tions, and the time-varying electric fields as well as the pho-

tocurrent can then be calculated and updated at every time

step by using the finite-difference time-domain (FDTD)

method.42 On one hand, the full-wave model provides a com-

prehensive approach to predict the THz radiation of a PCA

by incorporating the effect of both in-gap photocurrent and

antenna structure. On the other hand, however, it is difficult

to distinguish and quantify the contribution of these two

mechanisms to the far-field THz radiation because of the

inherent coupling, which hinders our understanding of the

radiation mechanism of the PCA.

In this work, the contribution from different regions

(i.e., antenna structure and in-gap photocurrent) to the radia-

tion of a PCA was distinguished and quantified through

numerical simulation. The 3D full-wave model was first

implemented to simulate the overall THz radiation of a PCA.

The calculated photocurrent on the electrode was then

extracted from full-wave model simulation and treated as a

feeding source for the antenna structure, and the THz radia-

tion from the antenna structure was simulated by the com-

mercial solver (i.e., HFSS). In addition, the THz radiation

from in-gap photocurrent was estimated by using the

Hertzian dipole approximation method (E / dJ=dt). The

contribution of each factor to the far-field THz radiation of

the PCA can thus be quantified by comparing the results

with those from the full-wave model. As a demonstration of

this methodology and without loss of generality, two typical

PCAs (i.e., a dipole PCA and a coplanar stripline PCA) were

investigated. The results indicated that, although the THz

radiation originates from laser-excited photocurrent within

the gap, the far-field THz radiation of a PCA is dominated

by the antenna structure. Furthermore, as a proof-of-concept

validation, the cancellation effect of the symmetric coplanar

stripline PCA was predicated by numerical simulation and

verified in experiment.

II. PRINCIPLE AND METHODS

The far-field radiation of a PCA originates from the

optics-to-THz conversion within the device. When an ultra-

fast femtosecond (fs) laser pulse illuminates the photocon-

ductive material within the gap region in between the

electrodes, free electron-hole pairs are generated. Due to the

establishment of a potential field across the gap by externally

biasing the electrodes, the generated electrons and holes

move to the anode and cathode, respectively, inducing a tran-

sient photocurrent in the gap at the picosecond (ps) time

scale, which therefore results in far-field THz radiation

according to Maxwell’s equations. In addition, if the gener-

ated carriers are sufficiently close to the electrodes so that

the carriers can migrate to the electrode within its life-

time,29,43 the photocurrent acts as a driving source of the

antenna structure, which therefore radiates THz radiation as

well. However, the radiation from both mechanisms cannot

be readily distinguished.

The model developed here is based on two full-wave

analyses that were previously proposed by Sano and Shibata

and Moreno et al.14,16 In this model, the carrier dynamics

equations (including continuity equations and drift-diffusion

equations) were coupled with Maxwell’s equations. To

achieve this, the photo-excited currents calculated by the car-

rier dynamics equations were used as the excitation source

of Maxwell’s equations, and the time-varying electric fields

as well as the photo-excited currents at each time step were

then calculated. The detailed implementation of the full-

wave model is described in Appendix.

Equation (A2) indicates that all of the current sources

(both in the gap and the region underneath the antenna struc-

ture) within the calculation volume were considered as the

driving current of radiation in the full-wave model. The radia-

tion pattern also took into consideration the antenna structure

in the approximation of a perfect electric conductor (PEC).

Therefore, the simulated results represent the overall contribu-

tion of both mechanisms. To distinguish the contribution of

each, the calculated photocurrent was first extracted from the

simulation of the full-wave model. The radiation from the

antenna structure was then evaluated by using transient photo-

current (the total current underneath the antenna structure) as

the drive source in HFSS simulation, while the radiation from

in-gap photocurrent was estimated via the Hertzian dipole

approximation method. By comparing the corresponding sim-

ulation result with the far-field THz radiation calculated from

the full-wave model, the contribution of the antenna structure

and in-gap photocurrent can be distinguished.

Without loss of generality, two representative PCAs

(i.e., dipole and coplanar stripline) were used in the simula-

tion. The geometries are shown in Fig. 1. The dipole PCA

had a small gap size of 5 lm, which was illuminated by the

same-size laser spot. The dipole length (in the x-direction)

was varied to study its impact on the far-field THz radiation.

The coplanar stripline PCA had a large gap size of 34 lm,

which was anode-illuminated by a laser spot of 20-lm diam-

eter for optimized THz radiation. The photoconductive mate-

rial used in the model was low-temperature-grown gallium

FIG. 1. Geometry of (a) dipole PCA and (b) coplanar stripline PCA. The

thickness of the metallic layer is 0.2 lm, and the thickness of the substrate

(in z-direction) for both PCAs used in the later implemented full-wave

FDTD model is 2 lm. All of the numbers are in units of micrometer.
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arsenide (LT-GaAs), whose electron and hole carrier lifetimes

are 0.1 ps and 0.4 ps,44 and the initial electron and hole mobi-

lities are 200 cm2=V s and 30 cm2=V s.45,46 The saturated

velocity of the electron and hole is 1� 107 cm=s.47 The rela-

tive permittivity of the material is 12.9, and the absorption

coefficient is 1� 104 cm�1.48 The intrinsic carrier concentra-

tion is 2.1� 106 cm�3, and the n-type doping concentration of

the impurities ND � NA is 1.5� 1017 cm�3.49 The exciting

laser pulse had a wavelength of 800 nm, a pulse-duration of

80 fs, and a repetition rate of 80 MHz. The averaged laser

power was 2.6 mW, thus the peak intensity I0 would vary

with the size of the beam spot. The simulation was run for a

total time period of 2 ps with a step of 0.33 fs, and the tempo-

ral peak t0 of the laser pulse was set at 0.5 ps. The DC bias

voltage of the PCA was 5 V. The interface between the metal-

lic structure and the semiconductor was set as Ohmic contact,

and the PEC was used as the boundary condition for the elec-

trodes. The far-field THz radiation was calculated at the point

200-mm away from the PCA along the z-direction and with

the coordinate of (0, 0, and �200 000 lm).

III. RESULTS AND DISCUSSION

A. Dipole PCA

The far-field radiation of dipole PCAs with different

lengths (i.e., 30 lm, 60 lm, 90 lm, 120 lm, and 200 lm) was

simulated by the full-wave model. The calculated transient

photocurrent at the vicinity of the anode electrode was used

as the excitation source in the HFSS transient solver to esti-

mate the far-field THz radiation solely from the antenna

structure. As a representative example, Fig. 2 shows the dis-

tribution of the transient current density on the top surface of

the dipole PCA with 60-lm dipole length at 0.5 ps. The sim-

ulation results of the HFSS simulation were compared with

those of the full-wave model, as shown in Fig. 3.

For all cases, the results (absolute values) obtained by

the full-wave model and the HFSS simulation agree well

with each other. Since the simulation of HFSS only involved

the current that flows on the antenna structure, it suggests

that the radiation of the dipole PCA is predominant by

the antenna structure. In addition, the results show that the

spectral bandwidth strongly depends on the length of the

dipole, i.e., increasing of the dipole length results in the red-

shift of the peak frequency, consistent to experimental obser-

vation.23 Moreover, it is found that the amplitude of the peak

frequency increases with the increase in the dipole’s length.

This can be understood by the mismatch between the time-

varying source impedance and the antenna impedance. In

practice, the peak frequency of the dipole PCA is usually not

at the antenna’s resonance but at the frequency where the

mismatch is at minimum.50

The far-field THz radiation was also estimated using the

Hertzian dipole approximation (E / dJ=dt), where J was the

photocurrent within the gap center and extracted from the

full-wave simulation. Figure 4 shows the photocurrents and

corresponding far-field THz radiation fields, which show that

the temporal shapes of the photo-excited currents changed

very little with regard to the dipole length of PCAs. More

importantly, the waveform of estimated E-fields by Hertzian

dipole approximation [Fig. 4(b)] distinctly differed from the

results of the full-wave model [Fig. 3(a)].

Figure 5 shows the comparison between the full-wave

model and Hertzian dipole approximation for dipoles with

lengths of 30 lm and 200 lm. The time-domain pulse signals

are normalized to their peaks for convenience. Figures 5(a)

and 5(c) suggest that, for the 30-lm-long dipole PCA, the

estimated THz radiation from Hertzian dipole approximation

and that from the full-wave model share similar features. This

is because the length of the dipole structure is sufficiently

FIG. 2. Distribution of transient photocurrent density on the top surface of

the dipole PCA at 0.5 ps. The color bar has the unit of A/lm2. The green

solid line indicates the electrodes of the PCA.

FIG. 3. Simulation results of the far-field THz radiation of the dipole PCAs

with different lengths. (a) Time-domain E-field, which is parallel to the cur-

rent flowing direction (in the x-direction in Fig. 1), and (b) corresponding

spectra calculated by fast-Fourier-transform (FFT). The numbers in the legend

indicate the length of the dipole in units of micrometer, and “F” and “H” indi-

cate the results obtained by the full-wave model and HFSS simulation.
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short so that it can be approximated as an electrically small

point source. However, for the 200-lm-long dipole PCA, a

large discrepancy can be observed between those two meth-

ods, as shown in Figs. 5(b) and 5(d). It suggests that the esti-

mation of the Hertzian dipole approximation is inadequate

for long dipole PCA, and the contribution of the antenna

structure has to be taken into consideration in this context.

B. Coplanar stripline PCA

The antenna structure of a coplanar stripline PCA con-

sists of a pair of parallel lines, as shown in Fig. 1(b). Since

the PCA is partially illuminated by a laser beam smaller than

its gap size, the photo-excited current is distributed non-

uniformly within the photoconductive gap, as shown in

Fig. 6. In this case, the HFSS simulation cannot be imple-

mented because a uniform current source across the PCA

gap is assumed therein. Instead, one can utilize the Hertzian

dipole approximation to estimate its far-field radiation. In

this case, the current extracted from the center of the illumi-

nated region was chosen as current source. The comparison

of the far-field THz radiations deduced by the full-wave

model and by the Hertzian dipole approximation is shown in

Figs. 7(a) and 7(b). The shapes of the time-domain signals

from both methods agree well with each other. To distin-

guish the contribution of the in-gap photocurrent from the

antenna structure, we can move the laser beam from the

anode to the cathode horizontally and monitor the change of

the THz field. During this process, the radiation from the

antenna structure will decrease because less photo-excited

electrons can reach and feed the anode, while the radiation

from the in-gap photocurrent will not be affected. In case the

laser beam is far enough from the anode so that none of

photo-excited electrons can arrive at the anode before recom-

bination, the THz radiation will be solely from the in-gap

photocurrent. Figure 7(c) shows the simulation results. The

THz radiation decreases monotonically as the laser beam

was moved away from the anode. At the farthest position

(12 lm away from the anode), the amplitude dropped to about

18% of the highest value. A further movement will cause the

blocking of the laser beam by the cathode thus not taken into

consideration. We estimate that the in-gap photocurrent and

the antenna structure contribute about 18% and 82% of the

overall THz radiation of Fig. 7(a), respectively. This indicates

that the antenna structure also dominates the THz radiation of

coplanar stripline PCA, while the contribution of the in-gap

photocurrent is much smaller but cannot be ignored.

Furthermore, from Fig. 7(a), we observed that the

THz field calculated by the full-wave model has additional

fluctuations after the main peak. To explore the underlying

mechanism of the time-domain fluctuations in Fig. 7(a), the

FIG. 4. Simulated (a) photo-excited current and (b) corresponding far-field

THz radiated field using the Hertzian dipole approximation for dipole PCAs.

The numbers in the legend represent the length of the dipole PCAs in units

of micrometer.

FIG. 5. Comparison of the far-field THz radiation calculated by different

methods (solid blue line: full-wave model, dash-dotted red line: Hertzian

dipole approximation). (a) Radiated field of 30-lm-long dipole PCA and (c)

corresponding spectra calculated by FFT, and (b) radiated field of 200-lm-

long dipole PCA and (d) corresponding spectra calculated by FFT. All of the

time-domain signals are normalized to their peaks.

FIG. 6. Distribution of the transient current density on the top surface of the

coplanar stripline PCA at 0.5 ps. The color bar has the unit of A/lm2. The

green solid line indicates the electrodes of the PCA.
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length of the stripline (along the y-axis) was varied and the

corresponding far-field THz radiations were simulated by

the full-wave model (Fig. 8), which were further compared

with those calculated by the Hertzian dipole approximation

(Fig. 9). In Fig. 8, the main peaks of the time-domain THz

fields overlap well with each other for all cases, and the

fluctuations are delayed with regard to the length of the stri-

pline, suggesting the fluctuations are due to the reflection of

current by the ends of the stripline. When the length of the

stripline is comparable to the size of the beam spot (for

example, 25-lm case), the fluctuations disappear. However,

no fluctuation was ever observed for Hertzian dipole

approximation in Fig. 9. By comparing Fig. 8 with Fig. 9, it

indicates that for the stripline PCA, both in-gap photocur-

rent and antenna structure contribute to the overall far-field

THz radiation. In particular, from the time-domain signals

of Figs. 8(a) and 9(a), it can be further concluded that the

fluctuations after the leftmost main peak are due to the

reflected current on the antenna structure.

C. Cancellation effect

In Sec. III B, the laser beam spot was located in the mid-

dle of the stripline along the y-direction; thus the photo-

excited current was distributed symmetrically on the elec-

trode. In this case, one can expect that the radiation along the

y-direction will be cancelled out due to the existence of this

symmetry. It is thus interesting to investigate what will hap-

pen when the symmetry is broken. For this purpose, identical

stripline PCA in Fig. 1(b) was simulated by the full-wave

model. The length of the stripline was 50 lm, and the laser

power was 6 mW. The rest of the parameters were kept the

same. For the symmetric illumination case [Fig. 10(a)], the

beam spot was located in the middle along the strip. For the

asymmetric case [Fig. 10(b)], the laser beam spot was moved

FIG. 7. Simulation result of the far-

field THz radiated field of the coplanar

stripline PCA by the full-wave model

and the Hertzian dipole approximation.

(a) Normalized time-domain radiated

fields and (b) corresponding spectra cal-

culated by FFT. (c) Peak of the THz

field corresponding to the location of

the beam spot; the number of x-axis

indicates the distance from the inside

edge of the anode to the left edge of the

beam spot. Negative distance means

the beam edge is slightly blocked by

the anode.

FIG. 8. Simulated far-field THz radiations of the stripline PCAs with differ-

ent lengths by the full-wave model. (a) Time-domain radiated fields and (b)

corresponding spectra calculated by FFT. The numbers in the legend repre-

sent the lengths of the stripline PCAs in units of micrometer.

FIG. 9. Simulated far-field THz radiation of the stripline PCAs with differ-

ent lengths by Hertzian dipole approximation. (a) Time-domain radiated

fields and (b) corresponding spectra calculated by FFT. The numbers in the

legend represent the lengths of the stripline PCAs in units of micrometer.
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10 lm away from the middle along the y-direction. The far-

field THz radiations along the x- and y-directions (i.e., E/

and Eh) were calculated, and the results are presented in Fig.

10. In the symmetric case, the dominate radiation field is in

the x-direction (E/), which is 100 times stronger than that in

the y-direction (Eh). However, with asymmetrical illumina-

tion, the radiation field in the y-direction (Eh) is hundred

times enhanced and comparable (i.e., 1/3) to E/. It therefore

indicates that the radiation in the y-direction can be signifi-

cantly enhanced by breaking the symmetry, by which the

cancellation effect was removed.

A proof-of-concept experiment was designed to verify

this cancellation effect. A butterfly shaped stripline PCA

was used in the experiment and its dimension is shown in

Fig. 11(a). The central region of this PCA was a stripline

with a length of 100 lm, a gap size of 34 lm, and a line

width of 5 lm. The ends of the stripline were gradually

extended to four bigger pads which were named as “wings.”

Because of the considerably large dimension of the wings,

this PCA had a relatively good performance at the sub-THz

regime. Owing to the butterfly shape, each wing generates

THz radiation components in both horizontal and vertical

directions. However, with the laser spot illuminating at the

middle of the stripline, the horizontal radiation will be

cancelled out due to the symmetry. To break this symmetry,

instead of moving the laser beam spot position, another

antenna with only half of the wings [Fig. 11(b)] was designed.

The antenna structures were fabricated on the GaAs-on-

sapphire wafer by optical lithography and lift-off techni-

ques.51 The metallic layer was made of 40 nm Cr/200 nm

Au. A passivation layer of SiO2 was deposited on the top of

the gap region to improve the optical transmission and ther-

mal properties of the device. The individual PCA chip was

then attached to a hyper-hemispherical silicon lens before

the test. An in-house-built THz time-domain spectroscopy

(THz-TDS) was used to measure the far-field THz radiation

of the PCAs, which served as the THz emitters. A commer-

cial dipole PCA fabricated on LT-GaAs (PCA-44-06-10-

800-h, BATOP GmbH) was used as the THz detector. Since

the dipole PCA is only sensitive to the THz field parallel to

the dipole orientation, by aligning the dipole PCA detector

horizontally and vertically, the two orthogonal radiation field

components of the PCA emitter can be measured indepen-

dently. In the experiment, the PCA emitter was externally

biased at 5 V and illuminated by a 4 mW laser beam, which

has a diameter of 20 lm at the focal plane. The beam spot

was close to the anode to get optimized THz radiation. The

PCA detector was illuminated by a 5 mW laser beam to

achieve an optimized signal-to-noise ratio. The signal of the

dipole detector was collected by a lock-in-amplifier (SR850,

Stanford Research Systems).

The measurement results are shown in Fig. 12, in which

the time-domain data of the whole-wing structure were arbi-

trary delayed for the convenience of comparison. For the

whole-wing structure, the time-domain peak of the radiation

in the x-direction is 5.3 times larger than that in the y-direc-

tion [Figs. 12(a) and 12(b)]. For the half-wing structure,

however, the ratio of the two components drops to 1.6, with

the expense that the radiation in the x-direction drops by

25%. According to Fig. 12(b), the radiation of the half-wing

structure is enhanced by about 2.5 times in the y-direction

compared to that of the whole-wing structure. Therefore, the

overall enhancement is still remarkable [Figs. 12(c) and

12(d)]. The experimental results of Fig. 12 confirm the

FIG. 10. Simulated far-field THz radia-

tions of the stripline PCAs with sym-

metric and asymmetric illumination. (a)

Symmetric illumination and (b) asym-

metric illumination. (c) Time-domain

field in the x-direction and (d) corre-

sponding spectra. (e) Time-domain field

in the y-direction and (f) corresponding

spectra. The curve of the symmetric illu-

mination case is magnified by 100 times

as labeled. The “sym” and “asym” in

the legend represent the symmetric and

asymmetric illumination, respectively.

FIG. 11. Structure and dimension of (a) the whole-wing butterfly shaped

stripline PCA and (b) the half-wing stripline PCA used in the experiment.
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existence of the cancellation effect predicted by the simula-

tion of Fig. 10. The slight decrease in the THz radiation in

the x-direction of the half-wing structure is expected.

Because each wing of the butterfly shaped PCA contributes

to the THz radiation in both directions, cutting the wings not

only breaks the symmetry in the y-direction, but also results

in less radiation in the x-direction.

IV. CONCLUSION

The radiation mechanism of PCA was investigated by

both numerical simulation and experiment. The contribution

of the antenna-structure and in-gap photocurrent to far-field

THz radiation of a PCA was distinguished and quantified by

incorporating the 3D full-wave model with the HFSS and

Hertzian dipole approximation method. The results indicate

that although the overall radiation of a PCA is contributed by

both mechanisms, the antenna structure always plays a pre-

dominant role. As a proof-of-concept validation, the cancel-

lation effect of coplanar stripline PCA was predicated by

numerical simulation and confirmed with the experiment.

This work provides a new approach to understand the under-

lying radiation mechanism of the PCA. With the proposed

method, the role of the antenna structure and in-gap photo-

current in the far-field THz radiation of a PCA can be pre-

dicted. Therefore, this work could help inspire a new PCA

design that features engineered radiation properties for spe-

cific applications.
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APPENDIX: PHYSICAL MODEL

The involved equations of the full wave model are listed

as below

r� E
*

r
*
; t

� �
¼ �l

@H
*

r
*
; t

� �
@t

; (A1)

r� H
*

r
*
; t

� �
¼ e

@E
*

r
*
; t

� �
@t

þ J
*

n r
*
; t

� �
þ J

*

p r
*
; t

� �
; (A2)

q
@n r

*
; t

� �
@t

¼ r � J
*

n r
*
; t

� �
þ q G r

*
; t

� �
� R r

*
; t

� �� �
; (A3)

q
@p r

*
; t

� �
@t

¼�r � J
*

p r
*
; t

� �
þ q G r

*
; t

� �
�R r

*
; t

� �� �
; (A4)

J
*

n r
*
; t

� �
¼ qlnn r

*
; t

� �
E
*

DC r
*ð Þ þ E

*

r
*
; t

� �� �
þ qlnnDC r

*ð ÞE
*

r
*
; t

� �
þ qDnrn r

*
; t

� �
; (A5)

J
*

p r
*
; t

� �
¼ qlpp r

*
; t

� �
E
*

DC r
*ð Þ þ E

*

r
*
; t

� �� �
þ qlppDC r

*ð ÞE
*

r
*
; t

� �
� qDprp r

*
; t

� �
; (A6)

where E
*

r
*
; t

� �
and H

*

r
*
; t

� �
are the time- and spatial-

dependent electric and magnetic fields, e and l are the per-

mittivity and permeability, q is the elementary charge,

J
*

n r
*
; t

� �
and J

*

p r
*
; t

� �
are the photo-excited electron and hole

current densities, and n r
*
; t

� �
and p r

*
; t

� �
are the photo-

excited electron and hole densities, respectively. J
*

n r
*
; t

� �
and

J
*

p r
*
; t

� �
are deduced by subtracting the dark current, pro-

vided by the steady-state solution of Eqs. (A12)–(A16) as

given later, from the total current within the gap of the PCA.

ln and lp are the electron and hole mobilities, Dn and Dp are

the diffusion coefficients of the electron and hole, and

G r
*
; t

� �
and R r

*
; t

� �
are the carrier generation and recombina-

tion rates. E
*

DC r
*ð Þ, nDC r

*ð Þ, and pDC r
*ð Þ are the DC bias field,

the electron, and hole densities at the steady-state when the

PCA is externally biased. Assuming a Gaussian distribution

of the laser beam in both the spatial and temporal domain,

the generation rate is determined by

G r
*
; t

� �
¼ aI0g

h�
� exp �a z� z0ð Þð Þ

� exp �
x� x0ð Þ2

r2
x

 !
� exp �

y� y0ð Þ2

r2
y

 !

� exp �
t� t0 � z� z0ð Þ=vsemi

� �2

r2
t

 !
; (A7)

where a is the absorption coefficient of the semiconductor, I0

is the optical peak intensity of the incoming laser pulse, g is

the optical efficiency due to the reflection at the ambient-

semiconductor interface, � is the optical frequency, and h is

Planck’s constant. The coordinate of the modeling domain is

shown in Fig. 1. The laser beam propagates in the z direction

and the position x0; y0; z0ð Þ indicates the center point of the

laser beam on the top surface of the semiconductor. t0 and rt

represent the temporal peak and duration of the laser pulse,

FIG. 12. Experiment results of the whole- and half-wing butterfly shaped

stripline PCAs. (a) Measured far-field radiated field in the x-direction and

(c) corresponding spectra. (b) Measured far-field radiated field in the y-direc-

tion and (d) corresponding spectra. The time-domain fields of the whole

PCA in (a) and (b) are arbitrary delayed, and all of the time-domain data are

normalized to the peak of the radiated field of the whole PCA.
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respectively. rx; ryð Þ represents the optical beam profile in

the cross-section perpendicular to the propagating direction

of the laser beam. vsemi is the speed of light in the semicon-

ductor. According to the Shockley-Read-Hall process, the

recombination rate is determined by

R r
*
; t

� �
¼ n r

*
; t

� �
� p r

*
; t

� �
n r

*
; t

� �
� sp þ p r

*
; t

� �
� sn

; (A8)

where sn and sp are the electron and hole carrier lifetimes,

respectively. The carrier mobilities ln and lp are field-

dependent in reality, which are described as52

ln ¼
ln0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ln0 E
*

þ E
*

DC

��� ���� 	
=vn;sat

� 	2
s ; (A9)

lp ¼
lp0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ lp0 E
*

þ E
*

DC

��� ���� 	
=vp;sat

� 	2
s ; (A10)

where ln0 and lp0 are the initial electron and hole mobilities

without the external field, and vn;sat and vp;sat are the saturated

electron and hole velocities, respectively. The carrier mobili-

ties and the diffusion coefficients have the following relation:

Dn

ln

¼ Dp

lp

¼ KB � T
q

; (A11)

where KB is Boltzmann’s constant, and T is the temperature

in Kelvin.

By solving the 3D full-wave model described by Eqs.

(A1)–(A6), one can comprehensively simulate the transient

behavior of a PCA. To obtain the THz far-field radiation, the

near-to-far-field transformation is implemented based on the

equivalence principle.42

Before starting to solve the full-wave model, the steady-

state solution of the DC field E
*

DC r
*ð Þ and carrier densities

nDC r
*ð Þ and pDC r

*ð Þ of the semiconductor need to be obtained

first while the PCA is externally biased. To achieve this,

the Poisson equation as well as the carrier dynamics equa-

tions should be solved together in the static state, as shown

below53–55

VDC r
*ð Þ ¼ q

e
nDC r

*ð Þ � pDC r
*ð Þ � ND þ NA

� �
; (A12)

r � J
*

n;DC r
*ð Þ ¼ qRDC r

*ð Þ; (A13)

r � J
*

p;DC r
*ð Þ ¼ �qRDC r

*ð Þ; (A14)

J
*

n;DC r
*ð Þ ¼ qlnnDC r

*ð Þ �rVDC r
*ð Þ

� �
þ qDnrnDC r

*ð Þ; (A15)

J
*

p;DC r
*ð Þ ¼ qlppDC r

*ð Þ �rVDC r
*ð Þ

� �
� qDprpDC r

*ð Þ; (A16)

where VDC r
*ð Þ is the potential distribution inside the semi-

conductor, and ND � NA represents the concentration of the

impurities. J
*

n;DC r
*
; t

� �
and J

*

p;DC r
*
; t

� �
are the steady-state

current densities of electrons and holes. The recombination

rate RDC r
*ð Þ is defined as

RDC r
*ð Þ ¼ nDC r

*ð Þ � pDC r
*ð Þ � n2

i r
*ð Þ

nDC r
*ð Þ � sp þ pDC r

*ð Þ � sn

; (A17)

where n2
i r

*ð Þ is the instinct carrier concentration of the

semiconductor.

E
*

DC r
*ð Þ can be easily deduced from VDC r

*ð Þ when the

steady-state solutions of Eqs. (A12)–(A16) are obtained.

Equations (A12)–(A16) are solved using the finite-difference

method initially. Once the steady-state solutions are obtained,

they are utilized as the initial input parameters of the full-

wave model. The 3D finite-difference time-domain (FDTD)

method is then applied to obtain the time-domain solution of

the full-wave model. The equations are discretized based on

Yee’s cell,42,56 and the numerical implementation of the

FDTD algorithm is realized by in-house developed MATLAB

codes.
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