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Electrical and Radiation Characteristics of Semilarge
Photoconductive Terahertz Emitters

Michael R. Stone, Student Member, IEEE, Mira Naftaly, Robert E. Miles, Member, IEEE, John R. Fletcher, and
David Paul Steenson, Senior Member, IEEE

Abstract—We present experimental characterization of semi-
large photoconductive emitters, including their electrical/photo-
conductive parameters and terahertz spectra. A range of emitters
were studied and fabricated on both LT-GaAs and SI-GaAs,
having a variety of electrode geometries. The spatial cone of tera-
hertz radiation was defined. The dependencies of the photocurrent
and the terahertz power on the bias voltage and the laser power
were determined. A Fourier-transform interferometer is used to
determine the terahertz spectra and to clarify the effects of the
substrate and electrode geometry.

Index Terms—Interferometer, low-temperature (LT) grown
GaAs, photoconductive emitter, terahertz.

I. INTRODUCTION

T
ECHNIQUES OF generating terahertz radiation have been

extensively studied and employed over the past 30 years.

The most commonly used methods are optical rectification in

nonlinear crystals [1]–[3] and ultrafast switching of biased pho-

toconductive emitters [3]–[10].

Biased photoconductive emitters are fabricated by depositing

two shaped electrodes on semiconductor wafers, typically low-

temperature (LT) or semiinsulating (SI) GaAs. The emitter is

switched by ultrashort laser pulses creating photocarriers in the

semiconductor. The power for terahertz generation is provided

by a dc-bias voltage applied to the electrodes. The bias field

causes the photocarriers to accelerate, whereby they emit high-

frequency radiation. The choice of substrate is dictated by the

requirement for a short recombination time, which is 100 ps

for SI GaAs and less than 1 ps for LT GaAs [8], [9]. More-

over, LT GaAs has the advantage of low carrier mobility, re-

sulting in low photocurrent and, therefore, less heating. In order

to excite carriers, the energy of the pump laser photons must ex-

ceed the energy gap of the semiconductor. The laser pulsewidth

must be as narrow as possible to enable high-frequency radi-

ation to be produced. Typically, photoconductive sources are

switched by mode-locked Ti-sapphire lasers with pulse lengths

of 10–100 fs operating at around 800 nm. The intensity, spec-

trum, and spatial distribution of emitted radiation depend on
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the photoconductive substrate, electrode geometry and gap size,

and bias field [9]–[12]. Two broad types of biased photocon-

ductive emitters have been studied: narrow-gap, with the gap

size of 5–50 m [5], [7], [9], and large gap, with the gap

size of 0.1–5 mm [3], [6]. Unlike conventional microwave an-

tennas, which are driven at a single frequency, photoconductive

sources can generate radiation over a broad frequency spectrum.

However, the electrode structure can act as a filter determining

the radiated frequency spectrum. This applies particularly to

narrow-gap emitters [7]–[10].

Semilarge emitters have the advantage of simplified fabrica-

tion. Moreover, it is possible to deposit electrodes of sufficient

thickness to accommodate the skin depth and also to reduce the

heating effects. Biased emitters with contacts formed by silver

epoxy have been reported to produce 40 W of terahertz power

with a bandwidth of 6 THz [16]. Semilarge structures offer a

good compromise in properties and performance between mi-

croscopically small 100 m and millimeter-size structures

( 1 mm). Although the achievable bandwidth is narrower than

that from microstructured antennas, the spectral characteristics

are less dependent upon the emitter geometry, and unlike as in

large-gap sources, high terahertz powers can be produced using

unamplified mode-locked femtosecond lasers.

We have studied the properties of semilarge biased photo-

conductive emitters fabricated on both SI and LT GaAs and

having a variety of electrode geometries. The directivity of the

source was determined by measuring the spatial distribution of

the emitted radiation. The dependence of the photocurrent on

the bias voltage and laser power was investigated, as was the

relationship between the emitted terahertz power and the pho-

tocurrent and laser power. A novel Fourier-transform terahertz

interferometer was used to measure the spectra produced by the

different sources. These spectra were related to the substrate and

electrode geometry.

II. EXPERIMENTAL SETUP

The photoconductive emitters used in the experiment were

fabricated using standard microstructure processing. Both the

SI and LT GaAs wafers were approximately 0.4-mm thick and

polished on both sides. Electrical contacts were formed on the

substrates using standard photolithography techniques. An ad-

hesion layer of approximately 10 nm of Cr and an electrode

layer of approximately 300 nm of Au were deposited. The elec-

trode structures were all designed with semilarge apertures of

between 0.1–2 mm, and with varying electrode lengths, widths,

0018-9480/04$20.00 © 2004 IEEE
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TABLE I
PROPERTIES OF SEMIINSULATING AND LOW-TEMPERATURE-GROWN

GaAs SUBSTRATES

Fig. 1. (a) Schematic diagram of the setup for the measurement of the spatial
cone of terahertz radiation from a biased emitter. (b) Electrode structure of the
semilarge biased emitter used in the experiments.

and shapes. The applied dc voltage varied between 30–350 V,

depending on the type of substrate and size of the gap. The pho-

toconductive substrates used were chosen for their well-known

properties and tradeoffs, as shown in Table I [13]–[15].

All the emitters were mounted on large copper electrodes and

contacted using standard silver epoxy. The large electrodes were

employed to help dissipate the heat generated by the photocur-

rent. Cooling has been reported to produce an overall increase

in terahertz power generated by this type of emitter [16].

The emitters were activated by a mode-locked Ti-sapphire

laser (MaiTai, Spectra-Physics, Mountain View, CA) with a

pulsewidth of 80 fs and an average power of 1.1 W. The laser

was set to operate at 800 nm, which is above the absorption

edge of GaAs at 880 nm. It was found that the emitted tera-

hertz power was maximized when the laser beam was directed

at the center of the gap between the electrodes and was focused

to a beam spot slightly smaller than the gap size.

The radiation emitted by the photoconverter was detected

by a Golay cell (Type OAD-7, QMC Instruments, Cardiff,

U.K.), whose sensitivity range extended over 3–650 cm

(0.1–20 THz) and whose aperture was 6 mm. To ensure that

only terahertz radiation was registered by the Golay detector, an

Si wafer was placed at its input as a blocking filter. The signal

from the Golay was recovered using a lock-in amplifier (Model

7265, EG&G Instruments, Gaithersburg, MD). The laser beam

was mechanically chopped at 11 Hz in order to accommodate

the slow response time of the Golay and to operate within its

optimum SNR regime.

Fig. 1(a) depicts the setup used for the measurement of

emitter directivity. Fig. 1(b) shows the size and geometry of the

bias electrodes used in this experiment. For this measurement,

the Golay cell was moved horizontally away from the antenna

along lines set at fixed angles relative to the antenna plane. By

repeating the measurement at different angles over a range of

Fig. 2. Schematic diagrams of: (a) the Fourier-transform terahertz
interferometer and (b) the autocorrelator setup.

distances, the spatial distribution of the emitted radiation was

mapped out.

The dependence of the emitted terahertz power on the bias

voltage and laser power was measured by placing the Golay

cell directly behind and parallel to the source at a distance of

approximately 10 mm. The average photocurrent was measured

by inserting an ammeter into the bias circuit. For the laser power

measurements, the beam incident on the source was attenuated

by a variable neutral density filter while being monitored by a

laser power meter.

The configuration of the Fourier-transform terahertz interfer-

ometer used to examine the frequency spectra of different bi-

ased emitters is shown in Fig. 2(a). The design and operation of

the interferometer are described in [17]. The terahertz radiation

is collected and collimated by a 2-in gold-coated off-axis par-

abolic mirror (90 , ). The collimated beam is directed

onto a split mirror (shown in the insert), one-half of which is

mounted on a motorized translation stage, and which divides

the beam into two halves. The reflected beams are then directed

onto the second parabolic mirror, which combines and focuses

them to form an interference pattern in the focal plane. An in-

terferogram is generated by scanning the top half of the split
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mirror, producing a variable time delay and, therefore, a phase

shift, between the two halves of the terahertz beam.

A horizontal slit is placed at the focal plane of the second par-

abolic mirror in order to increase the instrument sensitivity at

higher frequencies and thereby widen the detection bandwidth.

The terahertz radiation is detected by a Golay cell placed di-

rectly behind the slit and connected to a lock-in amplifier.

An alternative technique has been used in determining the

terahertz spectrum produced by coherent plasmons in unbiased

n-doped GaAs [18]. This method uses an autocorrelator config-

uration, with the terahertz emitter acting as a detector element,

as shown in Fig. 2(b). The autocorrelator is a Michelson inter-

ferometer, which splits the laser beam and recombines it after a

variable delay. The recombined beam, which carries the inter-

ference pattern, is incident on the emitter, causing variations in

the intensity of the produced terahertz radiation detected by the

Golay cell. We have investigated using this method to study the

spectra of biased sources [19]. However, it was found that the

results were radically different from those obtained by the ter-

ahertz interferometer and, furthermore, were inconsistent with

the known performance of such emitters [16]. It was concluded,

therefore, that the autocorrelation technique is unsuitable for bi-

ased emitters (see Section III-F).

III. RESULTS AND DISCUSSIONS

All the experiments on the directivity of emitted terahertz

radiation and the relationships between the bias voltage, pho-

tocurrent, laser power, and emitted terahertz power, which are

described below, were carried out using biased sources having

the electrode configuration shown in Fig. 1(b).

The results were analyzed in the light of the current surge

model of terahertz generation in biased emitters [3], [20], [21].

For the sake of simplicity, we assume that the bias voltage re-

mains approximately constant and that the effects of electrode

geometry can be neglected. These assumptions are justified in

our case because the laser power is insufficient to produce satu-

ration, and because the emitters have relatively large apertures,

reducing the geometrical effect of the electrodes. We further

assume that the dark conductivity of GaAs is negligible. The

transient photocurrent is then directly proportional to the

induced photoconductivity of the material and the applied

biased field , i.e.,

(1)

The photoconductivity is, in turn, proportional to the

carrier mobility and density

(2)

Here, is taken to be the electron mobility since the hole

mobility is much lower [13] and can be neglected. Carriers are

generated in the semiconductor by the incident laser pulse so

that

(3)

where is the absorbed photon density, is the temporal

profile of the laser pulse, and is the carrier recombination

time. Although the pulse shape of an ideal mode-locked laser

has a profile, a useful approximation can be obtained by

assuming a square pulse shape such that

elsewhere
(4)

where is the laser pulse length. The photocarrier density

is then given by

(5)

Thus, the average value of the carrier density is

(6)

where is the period between successive laser pulses. The

average carrier density is seen to increase with the recombina-

tion lifetime . The average photocurrent then becomes

(7)

Terahertz radiation is emitted by accelerating carriers, pro-

ducing a terahertz pulse according to

(8)

and the resulting terahertz spectrum is given by the Fourier

transform of the time-domain signal. The average terahertz

power is the average of the square of the terahertz field

(9)

The average terahertz power is, therefore, proportional to the

square of both the applied field and laser power. It is also pro-

portional to the recombination time. However, a long recom-

bination time reduces both the peak terahertz power and the

emission bandwidth and, therefore, is detrimental to terahertz

generation.

A. Spatial Distribution of Emitted Radiation

Fig. 3(a) plots the angular dependence of the terahertz signal

emitted by the source at different distances from its plane. It is

seen that the signal is reduced to approximately half its peak in-

tensity at an angle of 20 giving a radiation cone of 40 .
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Fig. 3. (a) Angular distribution of the terahertz signal at different distances
from the emitter plane. (b) Terahertz signal as a function of distance from the
emitter at different angles to the emitter plane.

This is somewhat more strongly directional than would be ex-

pected in a purely Hertzian dipole antenna. The signal is slightly

asymmetric, especially at larger angles, which may be due to an

asymmetric field distribution within the source. The variation of

the terahertz power with the distance from the source is shown

in Fig. 3(b) and is seen to follow the expected dependence.

B. Photocurrent Dependence on Bias Voltage

The relationship between the photocurrent and applied bias

voltage was measured at a range of laser powers, as shown

in Fig. 4. The observed data sets for both SI and LT GaAs

show a threshold behavior at low bias fields, but are approxi-

mately linear above. This indicates a nonohmic resistance com-

ponent in the metal–semiconductor contact. This component is

much greater in the LT GaAs due to the shorter recombina-

tion time, lower carrier mobility, and higher breakdown field.

The field threshold decreases with increasing laser power as ex-

pected since the conductivity of the photoconconductor rises as

the population of photocarriers grows (2).

The roughly linear sections of the curves confirm that the con-

ductivity remains approximately constant as the bias field in-

Fig. 4. Dependence of the photocurrent on the bias voltage for different laser
powers. (a) SI GaAs. (b) LT GaAs.

creases [see (1) and (7)]. When the laser power is increased, the

conductivity rises (indicated by the steeper slope) because more

photocarriers are being created [see (2) and (6)]. This effect is

observed more strongly in the SI GaAs due to the longer car-

rier lifetime (6). At lower laser powers, the incremental increase

in conductivity between successive curves is roughly constant,

confirming that conductivity is proportional to the incident op-

tical power [see (2) and (6)]. However, at the higher laser power,

the rise in conductivity is larger, possibly due to the heating

of the semiconductor. Indeed, if the bias voltage continues to

rise, the current starts to grow nonlinearly and a thermal run-

away sets in. It was found that the threshold voltage at which

thermal runaway occurs depends inversely on the laser power

and emitter aperture [19]. In LT GaAs, the photocurrent re-

mains much lower, reducing the ohmic heating and increasing

the threshold voltage for thermal runaway. For this reason, it

was possible to apply a higher bias voltage to LT GaAs than to

SI GaAs.

C. Photocurrent Dependence on Laser Power

The dependence of the photocurrent on the laser power at dif-

ferent bias voltages is seen in Fig. 5. Both substrates show very
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Fig. 5. Dependence of the emitter photocurrent on laser power for different
bias voltages. (a) SI GaAs. (b) LT GaAs.

similar behavior, although LT GaAs generates a much lower cur-

rent, as explained above. The curves are roughly linear, except

at higher powers, confirming the relationship between conduc-

tivity and laser power [see (2) and (6)]. The slopes of the curves

increase with applied bias since the average current is propor-

tional to the field (7). At high optical powers, the current in-

creases more steeply due to the heating of the substrate and the

consequent increase in conductivity.

D. Dependence of Emitted Terahertz Power on Applied Bias

Voltage

Fig. 6 shows the dependence of the emitted terahertz power

on the bias voltage for different levels of optical power. Notably,

both substrates produce similar terahertz power. This is despite

higher bias being applied to LT GaAs, as shown in Figs. 4 and

5. The voltage threshold for terahertz generation, which is much

higher in LT GaAs than in SI GaAs, corresponds to the similar

threshold for photocurrent (Fig. 4) and confirms the relationship

between photocurrent and terahertz emission (8).

In all cases, the relationship between the emitted terahertz

power and applied bias voltage fits well to a square dependence,

Fig. 6. Dependence of the average terahertz power on the square of the applied
bias voltage for different laser power levels. (a) SI GaAs. (b) LT GaAs. Solid
lines indicate x fits.

which is in agreement with (9). The steepness of the slopes in-

creases with the laser power, reflecting the dependence on .

The effect of laser power is weaker in LT GaAs, i.e., the slopes

increase less steeply, owing to the short recombination time (9).

E. Dependence of Terahertz Power on Laser Power

Fig. 7 represents the dependence of the radiated terahertz

power on the incident laser power. The data are derived from

those in Figs. 4–6. The emitted terahertz power grows approx-

imately as the square of the laser power, while also increasing

with the applied bias voltage (Fig. 6). The rise in the terahertz

power steepens at higher laser powers and high bias fields due

to substrate heating, which increases conductivity [see (2), (7),

and (8)]. For practical uses, it is, therefore, advantageous to op-

erate at the maximum possible bias voltage and laser power.

However, the allowable bias voltage must remain below

the electric breakdown value, and also below the threshold

for thermal runaway. The usable laser power is limited by the

optical saturation effects. These have been reported in systems

using amplified lasers [3], [20]. In our experiments, saturation

effects were not observed because the MaiTai laser does not
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Fig. 7. Dependence of the average terahertz power on the average laser power
for different bias voltages. (a) SI GaAs. (b) LT GaAs.

provide sufficiently high optical fluence when focused into a

0.5-mm aperture.

F. Terahertz Spectral Measurements

Terahertz spectra emitted by different biased sources fabri-

cated on LT or SI GaAs were observed using the Fourier-trans-

form terahertz interferometer. Fig. 8 shows a typical interfer-

ogram trace. The terahertz source, which generated this trace,

was the same as used in all the above experiments and as shown

in Fig. 1(b).

The central peak has a full width at half maximum (FWHM)

of 0.9 ps and corresponds to the main terahertz signal. In addi-

tion, there are significant satellite peaks at 11 ps, which are due

to reflections from the back of the SI-GaAs wafer. The nature

of the satellite peaks is confirmed by considering the roundtrip

time taken by the reflected pulse: ps, where

m is the thickness of the wafer, is the re-

fractive index of GaAs, and is the speed of light in vacuum.

The height of the satellite peaks is 10% of the main peak

height, which also agrees with the expected value for the at-

tenuation. The fraction of power reflected at the air/GaAs in-

terface arising from the difference in their refractive indices is

Fig. 8. Terahertz signal obtained by the interferometer from a triangular
emitter fabricated on SI GaAs.

Fig. 9. Calculated terahertz spectra for two different electrode geometries
(circles) and FFT filtered spectra (solid lines).

. The reflected beam under-

goes two reflections (from the front and back surfaces) and one

transmission (through the front surface), while the main beam

experiences one transmission, giving the ratio between the two

peak powers as .

The emitted terahertz spectrum is calculated by applying

the fast Fourier-transform (FFT) algorithm to the interfer-

ometer data. When using the FFT, the satellite peaks in

the trace give rise to a spurious frequency component of

ps GHz, which appears as oscillations in

the spectrum, as shown in Fig. 9. These can be removed by

applying an FFT filter to the calculated spectrum. The resulting

spectra are plotted as solid curves in Fig. 9. For the sake of

clarity, an FFT filter was applied to all spectra discussed below

In initial experiments, reported in detail in [19], we attempted

to measure the emitted terahertz spectra by using the autocor-

relation technique employed elsewhere to observe spectra of

unbiased plasmon emitters [18]. A typical trace, generated by

the same source as in Fig. 8, is shown in Fig. 10. As explained

above [see Fig. 2(b)], in this experiment, the laser beam travels
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Fig. 10. Terahertz signal obtained by the autocorrelation method from a
triangular emitter on SI GaAs.

through a Michelson interferometer and forms an interferogram

on the emitter. The crucial difference between this setup and the

terahertz interferometer is that, in the interferometer, the tera-

hertz beam produced by the emitter is split and the two halves

are made to interfere on the detector. By contrast, in the auto-

correlator, the emitter experiences a varying incident beam con-

taining two components, one of which arrives with a differential

time delay.

It is seen that the two traces in Figs. 8 and 10 differ greatly.

The oscillations in the autocorrelation trace extend for 300 ps,

which is two orders of magnitude longer than the terahertz pulse

length expected from a biased source. The central peak has a

FWHM of 6.5 ps compared to the 0.9 ps recorded by the tera-

hertz interferometer. The discrepancy may be attributed to the

fact that the autocorrelation method requires that the response of

the emitter be linear and independent of the relative time delay

between the two pulses. This is the case for plasmon emitters.

However, it appears that biased emitters do not conform to these

conditions. Indeed, the narrow spike at the center of the main

peak can be resolved into an autocorrelation-like trace, indi-

cating that the source response contains a square-dependence

component, similar to a two-photon photodiode or a nonlinear

crystal. In addition, interference fringes are seen to occur at

35-ps intervals in the trace, corresponding to a frequency of

30 GHz. These may be caused by parasitic oscillations in the

transmission lines.

G. Spectral Characteristics

Terahertz emission spectra were measured in a variety of bi-

ased sources, fabricated on LT or SI GaAs, and having dif-

ferent electrode geometries and gap sizes. Spectral character-

istics were found to depend strongly on the substrate, and to a

lesser extent on the gap size and electrode shape.

Equations (3) and (8) show that the spectral characteristics of

a terahertz pulse are determined by the convolution of the laser

pulse profile with the exponential decay of the carrier density.

It follows that the terahertz bandwidth can be increased by re-

ducing the laser pulse width or by using a semiconductor with

a shorter carrier lifetime.

Fig. 11. Comparison of terahertz spectra from LT- and SI-GaAs emitters for
three different electrode geometries. (a) Triangle. (b) Circle. (c) Square.

Terahertz radiation is generated within the semiconductor

substrate. However, the electrodes generating the bias field

have a strong influence on the terahertz near field and can,

thus, affect both the spatial distribution and frequency spec-

trum in the far field. For small structures 100 m , the

electrodes act similarly to microwave antennas, as filtering and

directional elements determined by their impedance. In large

aperture sources ( 1 mm), the shape of the electrodes has a

negligible effect, and the terahertz radiation produced in the

semiconductor emerges co-linearly with the laser beam and is

diffraction limited.
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Fig. 12. Terahertz spectra obtained from SI-GaAs emitters with several
different electrode geometries (shown in legends). (a) 1-mm gap. (b) 0.5-mm
gap.

In the intermediate case of semilarge emitters considered

here, the terahertz spectrum is determined primarily by the

substrate, although the electrode structure also has an important

effect. To check that terahertz radiation is produced in the

semiconductor in agreement with the current surge model,

the polarization of all sources was tested using a wire-grid

polarizer. It was found that, in all cases, the terahertz radiation

was polarized parallel to the applied bias field.

Fig. 11 demonstrates the effect of different electrode struc-

tures on the emitted terahertz spectrum. To investigate this fur-

ther, a variety of electrodes were fabricated on SI GaAs. The

spectra are compared in Fig. 12 and details relating to the elec-

trode geometry and performance are given in Table II.

Several effects can be observed. First, smaller apertures

give rise to significantly broader terahertz spectra extending

to higher frequencies. However, it must be remembered that,

as the aperture size decreases below the terahertz wavelength,

the electrodes will begin to act as frequency filters. Second,

higher fields, such as produced by more pointed electrodes, also

contribute to somewhat broader spectra. This leads to the con-

clusion, indicated by (8), that for purposes of broad terahertz

TABLE II
ELECTRODE GEOMETRIES AND DIMENSIONS, AND THE PEAKS AND

BANDWIDTHS OF THE GENERATED TERAHERTZ SPECTRA

emission, bias electrodes must be designed so as to produce a

high electric field in the terahertz generating region. Notably, a

rounded electrode profile, as in the circle and semicircle, shifts

the spectrum to higher frequencies, but does not broaden it.

Finally, square electrodes give rise to the narrowest spectrum

at lowest frequencies. It may be concluded, therefore, that the

preferred electrode structure will have a relatively small gap

( 0.5 mm) and a fairly pointed profile.

IV. CONCLUSION

We have investigated terahertz generation in a variety of semi-

large biased emitters fabricated on both LT and SI GaAs and

having different electrode geometries. The behavior of these

sources was seen to conform to the current surge model.

In practical applications, such as terahertz sources, the re-

quirements are to maximize both the generated terahertz power

and the emitted frequency bandwidth. It has been confirmed that

the photocurrent is approximately linear with both bias voltage

and laser power and, as a consequence, that the radiated tera-

hertz power has an approximately square dependence on these

parameters. However, to maintain high terahertz generation, it is

necessary to avoid heating the semiconductor since that leads to

thermal runaway. This restricts the bias and optical power that

can be safely used without damaging the emitter to well below

the levels at which electric breakdown or optical damage can

occur. Applying cooling to the emitter has been shown to alle-

viate the problem [16].

LT GaAs was found to produce similar amounts of terahertz

as SI GaAs at the same laser power, while generating a greatly

reduced photocurrent. As a consequence, in LT GaAs, thermal

runaway is delayed so that higher bias can be applied.

Terahertz spectra, measured using a Fourier transform inter-

ferometer, were found to be much broader in LT GaAs than in

SI GaAs. Owing to its lower photocurrent and the ability to

generate higher terahertz frequencies, LT GaAs is, therefore,

the preferred substrate for biased emitters. However, unlike SI

GaAs, individual wafers may vary significantly, affecting the re-

producibility and reliability of performance.

Comparing terahertz spectra produced by emitters with dif-

ferent electrode geometries, it was seen that a high bias field
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broadens the spectrum. The preferred electrode geometry, there-

fore, has a relatively narrow gap ( 0.5 mm) and a pointed elec-

trode profile.
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