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In this work we compare the characteristics of asymmetrically excited small-aperture antenna-type

pulsed terahertz emitters fabricated using an ion implantation process. Our photoconductive

materials consist of high resistivity GaAs substrates. Multienergy implantations of arsenic �1.2 and

2 MeV� and oxygen �180, 450, and 700 keV� have been used to obtain an almost uniform density

of vacancies over the optical absorption depth in bulk GaAs substrates. Terahertz pulses are

generated by exciting our devices with ultrashort laser pulses. Ion implantation followed by a

thermal annealing process introduces nonradiative centers in our substrates which reduce the carrier

lifetime and modify the shape of our terahertz pulses. Results obtained as functions of the laser

excitation power and bias voltage are discussed and a comparison of the performance of these

devices with conventional small-aperture antennas is given. © 2006 American Vacuum
Society. �DOI: 10.1116/1.2183284�

I. INTRODUCTION

Terahertz radiation systems have received much interest

in recent years due to their widespread scientific and military

applications. The ultra-wide-band and the optical coherence

of terahertz pulses also account for considerable efforts made

to apply terahertz technology for spectrally determining the

optical and electrical properties of crystals, polymers, and

organic liquids. Terahertz radiation has been generated by

illuminating various emitters, including externally biased

photoconductive �PC� antennas, surface built-in field biased

semiconductors, and nonlinear crystals with short optical

pulses. In the last decade, low-temperature �LT� grown GaAs

�Refs. 1 and 2� has been widely used as the substrate of PC

antennas for the generation and detection of terahertz radia-

tion. Such materials can be processed to obtain high resistiv-

ity �107 � cm�
3

and reasonably good carrier mobility

�100–300 cm2 /V s�,
2,4

in addition to short carrier lifetime

��1 ps�.
5,6

These excellent characteristics are however diffi-

cult to reproduce from sample to sample because the quality

of the material depends critically on both the growth tem-

perature and the postgrowth thermal annealing conditions.

An alternative material was reported to be promising as the

substrate material of PC antennas, that is, the arsenic ion-

implanted GaAs �noted GaAs:As hereafter�.
7

These materials

exhibit good structural and electrical properties and show

ultrafast optoelectronic response. It is again possible to im-

prove the carrier mobility of these ion-bombarded materials

using postimplantation thermal annealing process. Good con-

trol over the overall fabrication process allows studies of the

influence of parameters such as the ion implantation dose,

the ion energy, and the thermal annealing conditions on the

PC antenna characteristics.

GaAs:As PC antennas have shown to be better terahertz

emitters than those made on semi-insulating �SI� GaAs

substrates.
8–11

Such enhancement results from ultrafast car-

rier recombination associated with the presence of the

implantation-induced defects. On the other hand, several

groups have shown good characteristics of terahertz emitters

with the use of PC antennas made on GaAs substrates grown

by the Czochralski method when these devices are photoex-

cited near the anode. A nonuniform electric field between the

electrodes of the antenna, resulting from background charge

defects �EL2 defects�, might explain this result.
12

Although

defects seem to play a crucial role in the characteristics of

terahertz PC antenna emitters, there are very few studies that

investigate the role of defects on these characteristics. Ion

implantation using other types of ions has already been used

successfully to reduce the carrier lifetime in SI GaAs. For

example, subpicosecond lifetime can be obtained in GaAs:H
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and GaAs:O.
13,14

However, few papers report fabrication of

antennas on such substrates.

In this paper, we compare the terahertz radiation perfor-

mance of our PC antenna emitters fabricated on GaAs:As

and GaAs:O ion-implanted substrates. We demonstrate

broader terahertz bandwidth and higher breakdown voltage

for implanted GaAs antennas as compared to SI GaAs

antenna.

II. EXPERIMENTAL DETAILS

In this work, we have used commercial high-resistivity

��107 � cm� liquid-encapsulated-Czochralski-grown, �100�-

oriented, SI GaAs substrates as starting materials. Our

GaAs:As and GaAs:O substrates were then prepared using

ion implantation at room temperature. For each substrate,

multiple implants using different ion energies have been per-

formed in order to achieve a relatively uniform defect distri-

bution over the implantation depth. Using the SRIM

software,
15

the maximum ion implantation depth was esti-

mated to be about 1 �m for both As and O ions, with num-

ber of displacements per atoms of less than 0.008 in both

cases. The ion implantation conditions for each studied sub-

strates are summarized in Table I. The electrode patterns for

the emitters and the detector are fabricated using a conven-

tional photolithography and lift-off. Ohmic contacts were ob-

tained by using a standard mixture of Ni/Au–Ge/Au for the

metallization and annealed at around 410 °C for 30 s. The

typical size of the PC gap for the emitter/detector is

120 �m/30 �m, respectively. The width of the electrode

lines is 10 �m. For the detector we use an H-shaped elec-

trode configuration with a small gap of 5 �m separating the

dipole electrodes. The coplanar lines are long enough

��6 mm� to avoid reflection at the line ends. Our GaAs:H

detector is fabricated by first bombarding the SI GaAs sub-

strate with protons at a dose of 1015 ions/cm2 and ion energy

of 180 keV. This is followed by thermal annealing at 500 °C

for 20 min in a furnace under N2 gas environment and using

a GaAs cap to prevent As desorption. The same annealing

conditions were used for the fabrication of our emitters on

As- and O-implanted materials.

A mode-locked Ti:sapphire laser at a repetition rate of

82 MHz has been used as the excitation source for the gen-

eration of broadband terahertz radiation. The laser wave-

length was centered at 760 nm and the width of the optical

pulses was about 100 fs. The excitation beam, at an average

power adjustable from 10 �W to 200 mW, was focused on

our PC antennas with a spot size of about 10 �m near the

anode. The terahertz radiation was collected and refocused

on our detector using a pair of off-axis parabolic mirrors. The

electric field of our terahertz pulses has been probed using

delayed optical pulses and the GaAs:H PC antenna. The

power of the probing beam was about 15 mW and this beam

was focused on the detector gap using a 20� microscope

lens �we note that we have not used a Si lens to collimate

terahertz radiation�.

III. RESULTS

The terahertz transient wave forms emitted from the mul-

tienergy implanted GaAs:O, GaAs:As, and SI GaAs dipole

antennas are shown in Fig. 1. The applied bias voltage and

pumping power for the implanted GaAs and the SI GaAs

antennas were about 100 V, 90 mW and 40 V, 90 mW, re-

spectively. We observe that the negative peak following the

main positive peak is sharper and bigger for the implanted

GaAs antenna. Reflecting this difference, the maximum of

the Fourier transformed spectra of these electric field tran-

sients �Fig. 1�b�� is shifted to a higher frequency compared to

that of the SI GaAs antenna. The maximum Fourier compo-

nent for the GaAs:O and GaAs:As emitters peaks at about

0.9 THz, whereas it peaks at only 0.4 THz for the SI GaAs

emitter. The full width at half maximum �FWHM� of the

spectrum distribution is about 0.9 THz for multienergy

GaAs:As and GaAs:O emitters. To elucidate the observed

TABLE I. Ion-implantation conditions.

Ion type Energy �keV� Doses �cm−2�

As 1200 1�1012

2000 2.5�1012

O 180 0.8�1013

450 1.2�1013

700 1.8�1013

FIG. 1. �a� Amplitude of the terahertz electric field measured using a proton-

bombarded GaAs:H PC antenna as detector and a GaAs:As �solid line�, a

GaAs:O �dash line�, or a SI GaAs �dot line� PC antenna as emitter. �b�

Fourier transformed amplitude spectra of the GaAs:As �solid line�, the

GaAs:O �dash line�, and the SI GaAs �dot line� terahertz radiation transients

shown in �a�.
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difference in the wave forms of the terahertz radiation emit-

ted from the three antennas, we need to consider the carrier

dynamics in each photoconductive substrate. In fact, consid-

ering the dipole radiation approximation, the main �positive�

peak observed in the wave forms in Fig. 1 is attributed to the

rise of the surge current by the photocarrier injection and the

subsequent carrier acceleration under the bias field in the PC

antennas, while the negative peak following the main peak is

attributed to the decay of the current governed by the carrier

trapping time.
8

The enhanced frequency bandwidth observed

for our emitters made on implanted substrates results mainly

from a drastic increase of the local electric field induced by

the ionization of defects near the anode. This ionization pro-

cess is driven by the applied bias and the presence of an

implantation-induced background of charged defects. Reduc-

tion of the carrier lifetime in our implanted materials also

contributes to enhance the content of high-frequency Fourier

components present in our terahertz pulses.

The terahertz spectrum changes observed in Fig. 1�b�

might be more pronounced with the use of an optimal time-

domain spectroscopy setup. The water vapor absorption, the

width of laser excitation pulses, the absorption and the dis-

persion of terahertz pulses traversing the GaAs emitter and

detector substrates, and the frequency response of the detec-

tor are different parameters that can affect the high-

frequency roll off of such experimental setup. Although our

data are obtained without the use a dry nitrogen purged in-

strument, we have verified that the terahertz bandwidth of

our setup is unchanged under different relative humidity con-

ditions �going from 20% to 50%�. Varying the output tempo-

ral width of our laser pulses from 150 to 100 fs using the

in-cavity prisms of our Ti:sapphire oscillator has almost no

effect on our observed terahertz bandwidth. This suggests

that it is not our actual frequency bandwidth limitation. Work

is under progress in order to further confirm this point by the

use of a prechirped and a pulse compressor system to control

the temporal shape of our laser pulses at the focal excitation

point on our emitter. In order to verify the influence of pulse

propagation through the thick substrate of our emitters, we

compare the terahertz frequency bandwidth obtained using

two different optical setup configurations: collection of the

terahertz radiation emitted from either the back or the front

surface of our antenna device. Enhanced bandwidth has been

reported by Shen et al.16
using the reflection collection

mode. In this work, we observe a smaller terahertz signal in

the reflection mode configuration, but no modification of the

terahertz bandwidth. All these observations suggest that the

high-frequency roll off of our experimental time-domain

terahertz spectroscopy setup is limited by the frequency re-

sponse of our detector. Up to now, our terahertz activities

focus on the development of devices based on ion-implanted

GaAs substrates. We already have varied the implantation

and the annealing conditions for obtaining the detector with

the largest possible frequency bandwidth. Experiments using

other types of ultrafast terahertz detectors �thin electro-optic

crystal, LT-GaAs material� need to be performed in order to

better characterize the high-frequency performance of our

emitters.

To compare the performance of our implanted GaAs emit-

ters, we have also measured the terahertz signals as functions

of bias voltage and power excitation. Figure 2 shows the bias

voltage dependence of the terahertz intensity measured for

our two PC antennas using a constant excitation power of

90 mW, with the laser beam focused near its anode. We have

measured these terahertz signals up to a bias level just below

the premature breakdown threshold. We observe for both

emitters a quadratic increase of the terahertz signal at low

biases followed by a saturation regime. The onset value of

this saturation regime is correlated to the resistivity of the

substrate. High breakdown voltage thresholds �150 V and

�170 V are obtained for GaAs:As and GaAs:O antennas,

respectively, as compared to 40 V for the SI GaAs PC an-

tenna �not shown here�. A high breakdown voltage character-

istic is a factor of merit for high-power terahertz radiation

sources.

Figure 3 shows the pump power dependence of the peak

amplitude in the terahertz wave forms for the GaAs:O and

GaAs:As antennas under constant bias voltages of 100 and

110 V, respectively. We clearly observe a saturation regime

which occurs at excitation powers greater than 30 mW for

the GaAs:As antenna and up to 70 mW for the GaAs:O one.

This phenomenon originates from the screening of the local

bias field by the photocarriers generated in the gap between

of our antenna electrodes.
17

FIG. 2. Amplitude of the terahertz electric field measured as a function of

the bias voltage for the GaAs:As PC antenna �square� and for the GaAs:O

PC antenna �circle�. The pumping power is fixed at 90 mW.

FIG. 3. Amplitude of the terahertz electric field measured as a function of

the laser excitation power for our PC antennas made on GaAs:O �circle� and

GaAs:As �square� substrates.
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It is worth mentioning that the results shown in Figs. 2

and 3 are reproducible. We have obtained the same results

using a second set of samples implanted on another run. The

maximum terahertz signal is still about 1.6 times higher for

the GaAs:O emitter than for the GaAs:As emitter. Also the

differences observed could not be attributed to other uncon-

trolled fabrication conditions. We regularly check the repro-

ducibility of our results and never see discrepancies associ-

ated with sight drift in these fabrication conditions. All our

activities on PC-based terahertz emitters have been largely

driven by our capabilities to further improve their character-

istics using extremely well controlled ion-implantation

conditions.

The difference between the characteristics of these two

implanted emitters �GaAs:O and GaAs:As� is attributed to a

change in the nature of the defects created by each ion, since

their distribution is similar in terms of depth and number of

displaced atoms. As implantation generates dense collision

cascades compared to the lighter O ions. Each As ion gener-

ates nearly ten times more damage than O ions in these ex-

periments. After annealing, defects resulting from As implan-

tation are thus probably more extended and complex,

involving a larger number of atoms, while defects induced by

O implantation are more sparsely distributed, involving a

smaller number of atoms. The latter is apparently more ben-

eficial in terms of carrier recombination control and break-

down voltage since GaAs:O samples feature better emission

intensity characteristics at high bias voltages. It is also worth

mentioning that molecular dynamics simulations show that

in Si, simulation codes using the binary collision approxima-

tion such as SRIM underestimate the number of displaced

atoms by a factor of nearly 2 for As implantation, while

giving a correct estimate for light ion implantation.
18

The

amount of damage may thus be larger for As implantation

than for O implantation in these experiments, however, simi-

lar carrier lifetimes are obtained for both species. A higher

breakdown voltage associated with a large number of defects

in GaAs is a phenomenon already observed, for instance, in

low-temperature grown GaAs.
19

The formation of complex

defects, in the case of As bombardment, seems to leave con-

ductive paths through which premature breakdown can occur

at high bias voltages.

IV. CONCLUSION

In summary, we have compared the characteristics of our

PC antenna emitters fabricated on GaAs:As and GaAs:O ion-

implanted substrates. We have shown that our ion-

implantation fabrication process favors the emission of in-

tense terahertz radiation. Broadband pulses of almost 1 THz

bandwidth and higher breakdown voltage are obtained for

these implanted devices. We have pointed out also the high

efficiency of the GaAs:O emitter as compared to the GaA-

s:As one. We have shown that this effect may be due to the

nature and the distribution of defect.
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