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THz radiation emission properties of multienergy arsenic-ion-implanted
GaAs and semi-insulating GaAs based photoconductive antennas
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We compare the performance of THz photoconductifA) emitter antennas fabricated on
multienergy arsenic ion implanted GaAsulti-GaAs:As") and semi-insulating GaAs. High
damage threshold biasirig-60 kV/cm) and large saturation optical-pumping power20 mW) for
multi-GaAs:As" based PC antennas are reported. Carrier mobility in the As ion implanted layer of
GaAs:As” was estimated to be about 150 %Wfs, which was comparable to that of low
temperature GaAs. @003 American Institute of Physic§DOI: 10.1063/1.1541105

I. INTRODUCTION radiation by applying a larger electric bias field.
THz radiation emission from GaAs:As GaAs:H, and

2ie wi
the Lﬁx';i?np;r?:.u;%g) grt())V\t/rnat(é a:f\ép (ésavx![(;igausf?) d azn semi-insulating(Sl) GaAs surfaces with no antenna pattern
P uctiv subs S 101 9€N- L ad been studied by Liet al>13 However, there is no re-

eration and detection of THz radiation because of the high-

N . port on the emission properties of PC antennas with
resistivity (10  cm)® and reasonably good mobility 00— At : )
300 cnf/V's) 24 in addition to the short carrier lifetime-1 GaAs:As substrates. In this work, we report a systematic

9.5 Recently, an alternative material was reported 1o bestudy of THz radiation properties of dipole antennas fabri-
s T s Y: . b _cated on GaAs:AS. The emission bandwidth and efficiency
promising® as the substrate material of PC antennas, that i

S .
the arsenic ion implanted GaAdesignated as “GaAs-AS of the GaAs:AS based PC antennas are compared to those

) - . for PC antennas with SI GaAs substrates.
hereafter.® Since the GaAs:As exhibits structural, electri-
cal, and ultrafast optoelectronic characteristics strikingly
similar to those of LT GaAs, it can be an alternative to LT Il. EXPERIMENTAL METHODS

Gaas ior THz PC aniennas. For SI GaAs devices, we employed liquid encapsulated

Preparation of PC _substrates by ion implantation ha%:zochralski grown SI(100 GaAs as substrates. The
several advantages against the LT growth of GaAs. lon dos- aAs:As samples were prepared by first bombarding S|

age can be precisely and reproducibly controlled, and henc&aAS substrates with arsenic ions at doses dfibdis/cr?
the properties of the ion implanted substrate can be also re-

. o and ion energies of 150 and/or 200 keV. A commercial ion
producible. On the other hand, the absolute epitaxial growth : L )
temperature of GaAs, which is the most important paramet implanter (Varian E220 was used. This is followed by fur

eﬁ L o . . K
e ace annealing at 600 °C for 30 min, with flowing Igas

to the pr_operty of LT GaAs, is d|f_f|cu_lt to control due to lack and encapsulation. The ion implantation depth was estimated
of a reliable temperature monitoring method at the low

. to be about 100 nm by secondary ion mass spectroscopy
growth temperature range=400 °Q. Therefore, LT GaAs easurement. For simplicity, samples implanted with ions of

properties are not assured to be the same from furnace {§/o energies are referred to as multi-GaAs:Asvhile we
wé?gcues:ge& t:;(;ggnthif vf/‘:smr?e n:rr:ggilhgtr Ct)rv:g r}o%ar?]rgr?;ir[%fer to single-GaAs:AS for samples implanted with ions of
" It.'l' i oh t ited por d hi hg' one energy. The structure of the photoconductive dipole an-
Fnonneln |a} abllngrlvlndpfOrOL?I_X(é:A cairrler”meiﬁa%/,&/v 'tchilshc?mn'tenna is shown in Fig. 1. The antenna lengthwidth W,
do(?sa)g;eoéosvriih ?s e;pected o Se’:,nasbz a faastir SC rgsp;ns hotoconductive ga, and transmission linewidth are 10,
o . .20, 5, and 2Qum, respectively. The experimental set as a
of the ion-implanted GaAs antennas. After annealing, it Qum, respectively xpert Seiup was

. PC emitter—detector system similar to that reported in Ref. 1.
shows a high breakdown voltage comparable to LT GaAs, The detector was a PC dipole antenna fabricated on a LT

suggesting a high emission efficiency for generating THZGaAs substratégrown by the molecular beam epitaxy at
250°C and annealed at 600 °C for 5 min after the growth

dAuthor to whom correspondence should be addressed; electronic maiWhose dimensions Werl?: 2'0,u,.m, W= 10#m! G=5um,
taliu.e085g@nctu.edu.tw andD=5 um. The carrier lifetime was estimated to be 0.3
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Laser Excitation TABLE |. Comparison of dark current between SI-GaAs, multi- and single-
ion implanted GaAs.

Single Single  Multi- Multi-
Multi- implant implant implant  implant
implant  anneal anneal anneal anneal

S| GaAs GaAs 30 min 60 min 30 min 60 min

Bias 18 nA 3.83uA 0.05nA 0.13nA 0.29 nA 0.52 nA
30V
Bias Breakdown Breakdown 0.15nA 0.28nA 12 nA 1.7 nA
60 V

FIG. 1. Schematic diagram of the PC antenna.

of the single-, multi-GaAs:As samples were similar, al-

, _though the dark current of the multi-GaAs:Asvas slightly
ps by a transient photoreflectance measurement. Pumping,ver than that of the single-GaAs:As The more uniform

source for the emitter and receiver antenna was a modeysiributions of arsenic precipitation in the multi-GaAs?As

locked Ti:sapphire laser, which produced 80 fs light pulses &g mple might be better for the high resistivity. Such a low
a wavelength of 780 nm and a repetition rate of 82 MHz. Ayari current level in the high bias region implies that the
Si hemispherical substrate lens was used for the receiver ags,iti. or single ion-implanted GaAs can sustain much higher

tenna, while no lens was used for the emitter antennas. Irrgs5i55 electric field than SI GaAs. and thus can increase the
diated average power and applied voltage were varied from Qission efficiency of THz radiation.

to about 30 mW and 30 V, respectively. Probe beam power
was around 2.5 mW. Figure 2 shows the current—voltage
(1-V) curves measured for 20m gaps of multi-GaAs:AS IIl. RESULTS AND DISCUSSIONS
(ion energies of 150 and 200 ke¥nd single-GaAs:AS (ion
energy of 200 keYwith the furnace annealing, and also for
the same gap of S| GaAs. The dark current characteristic of The THz wave forms emitted from the multi-GaAs:As
the SI GaAs, multidion energies of 150 and 200 kgV (solid curvg and the SI GaAddash curve dipole antenna
single-ion implanted GaA&on energy of 200 keYare com-  are shown in Fig. &). The applied bias voltage and pumping
pared in Table I. Samples used in these measurements hadwer were about 10 V and 5 mW, respectively. The wave
coplanar waveguide type electrodes, and were applied witform of the multi-GaAs:A$ antenna was normalized at the
bias voltages of 30 and 60 V. The annealing process reducedain peak amplitude in the wave form of the SI GaAs an-
the dark currents of the ion-implanted GaAs to a lefflets  tenna. We observe a clear difference between the two wave
than or equal to 0.5 nA at a bias of 30,Mvhich was much forms: the minimum peak after the main peak is sharper and
lower than that of SI GaAs. After annealing, the carrier trans-bigger than that for the SI GaAs antenna, while the minimum
port mechanism was changed from hopping conduction tpeak before the main peak decreased compared to that of the
thermal emission, corresponding to the reduction in the trapSl GaAs antenna. Reflecting this difference, the Fourier
ping site density? The antisite defect density was reported totransformed spectrum of the wave form for the multi-
be reduced to about 2 orders of magnitude lower than that dbaAs:As™ antenna is shifted to a higher frequency region
as-implanted material€. The high resistivity after annealing compared to that of the SI GaAs anterlitdg. 3b)]: The
is attributed to the formation of arsenic precipitates, which isfrequency at the spectrum peak for the GaAs:Asitenna is
accompanied by recovery of crystallinity and hence an in0.9 THz, while it is 0.7 THz for the SI GaAs antenna, and the
crease of the carrier mobility. The dafkV characteristics full width at half maximum(FWHM) bandwidth of the spec-
trum distribution is about 1.2 THz. To explain the observed
difference in the wave forms of the THz radiation emitted

A. Wave forms and spectra

L arcaerewers N from the two antennas, we need to consider the carrier dy-
v multiple-dose A namics in each photoconductive substrate.
8.0x10° - A 8. GaAs A In order to interpret the THz radiation wave form, we
< . AAA use the dipole radiation approximation, where the emitted
w 80107 A field is assumed to be proportional to the time derivative of
g . ‘AAA the transient curreni(t) at far field: E1y,(t)cdJ(t)/dt. In
S 4oty e this approximation the maifpositive) peak observed in the
§ . wave forms in Fig. &) is attributed to the rises of the surge
201071 current by the photocarrier injection and the subsequent car-
rier acceleration under the bias field in the PC antennas,

5 0 5 10 15 20 25 30 35 40 45 while the second negative peak preceded by the main peak is
Bias voltage(V) attributed to the decay of the current governed by the carrier

FIG. 2. Electrical characterization of GaAs:Aand S GaAs by—V mea-  trapping times. The origin of the first negative peak before
surement. the main peak is attributed to the pulse reshaping effect due
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FIG. 3. (8) THz radiation pulses from small g4p x«m orde) photoconduc- g
tive antenna fabricated on multi-implant GaAs?A$solid curve and SI w0,
GaAs (dashed curve (b) Fourier-transformed amplitude spectrum(af. E
So.

] Frta«|:|r.u:.nzi::'.lr (THz) :
to the frequency dependent THz beam focus on the detector
antenna, which gives rise to an equivalent effect of a high-
pass filter to the THz radiatiol{:* (b)
For the GaAs:A$ antenna, we have to consider the car-

rier dynamics in the ion implanted layer and also in the Sl _ .
GaAs substrate layer beneath because the optical penetratig)lg(fﬁ 4'f (SCoIor) Bias dependent THz radiatida) wave form andb) spec-

- : . of S| GaAs fabricated PC antenna with pumping power of 10 mW.
depth(~1 um) of the infrared laser light is larger than the
ion implanted layer(~100 nm) and, hence, a significant
amount of carriers are excited in the SI GaAs layer. If the
pump laser pulse widthdt) is larger than the carrier mo- the GaAs:AsS antenna is governed by the carrier dynamics
mentum relaxation timex(,), and if the carrier lifetime £;) in the ion implanted layer. This model explains the sharp
is larger than the pump laser pulse width,K st<7.), the  negative peak after the main pe@nd the resultant spectrum
current rise is determined by the pump laser pulse widthshift to the higher frequency siflenhich is attributed to the
This is exactly the situation in our experimental condition,fast current decay in the ion implanted layer.
where the momentum relaxation time was estimated to be Figures 4a) and 4b) show the THz radiation wave
about 30 fs, the laser pulse width was 80 fs, and the carridiorms and spectrums for the SI GaAs dipole antenna at vari-
lifetime was~0.3 ps(in the ion implanted layeror >100 ps  ous bias voltageél, 5, 10, 15, and 20 ) The wave forms
(in the SI GaAs layer respectively. Therefore, the carriers in were normalized at their main peak amplitudes. The main
both layers contribute to the current rise in the same wayeak amplitude increased linearly with the bias voltage, and
after the excitation in the GaAs:Asantenna. However, be- the second negative peak amplitude changed nonlinearly de-
cause the carrier decay time in the ion-implanted layer igpending on the bias. The inset in Figia®shows the bias
shorter than that in the SI GaAs layer, the carriers in the Stdependence of the amplitude at the negative peak. In addi-
GaAs layer are blocked by the ion-implanted layer, whichtion, we can see that the positive main peak shifts slightly to
returns the original insulating state after the fast carrier dethe earlier time delay with the increase in bias. Similar be-
cay. Therefore, we can conclude that the transient current inavior was also observed for the case of multi-GaAs:As
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o
5 0.4
= The phenomena of increasing amplitude at the negative
EU-E peak and the shift of the wave form to earlier time delay is
= explained by the scattering of photoexcited electrons from

the high mobilityl” valley to the low-mobilityL valley under

the bias field, as was explained for the case of LT GaAs PC

antennas in Ref. 16. The higher the bias field, the faster the

acceleration and scattering of electrons to thealley, re-

(b) sulting in the wave form shift to the earlier time delay and

more efficient deceleration of electrofvghich gives rise to a
larger negative peak amplitude in the wave forfhis in-

FIG. 5. (Colon Bias dependent THz radiatidia) wave form andb) spec-  tervalley scattering effect is expected to be more significant

trum of multi-GaAs:As fabricated PC antenna with pumping power of 10 in SI GaAs because of the Ionger carrier lifetime, while the

mw. carriers in the ion implanted GaAs could not have enough

time to be scattered to the valley because of the short

carrier lifetime(~0.3 ps.

shown in Fig. %a), although the relative change in the sec-
ond negative peak was much small€he inset in upper part
of Fig. 5(a) shows the bias dependence of the amplitude at Figure 7a) shows the bias field dependence of the peak
the negative peakThe spectral peak was shifted from 0.7 to amplitude of THz wave form for the 5 mm gap photocon-
0.9 THz for the SI GaAs antenna when the bias was inductive antennas on Sl GaAs and GaAs:Agith a pumping
creased from 5 to 20 V as shown in Figb#t On the other power of 5 mW. The GaAs:As antenna showed a higher
hand, there was no significant change in the center frequendyreakdown voltage threshold>60 kV/cm) than for the Sl
(~0.9 TH2 for the GaAs:AS antenna as shown in Fig(l5. GaAs antenn&<45 kV/cm). The higher breakdown voltage
Bandwidth was also broadened significantly in the case of Sis an advantage of GaAs:Asantennas against S| GaAs since
GaAs with the increase of the bias, while the bandwidtha higher bias means a better THz radiation emission effi-
change for the GaAs:As was slight. These features are ciency. Beyond 25 kV/cm bias field, THz radiation amplitude
clearly shown in Fig. 6, where the bias dependent pulsemitted from the GaAs:As antenna was larger than that of
width of the main peaKFWHM) and the time shift of the the SI GaAs antenna with a pump power of 20 mW even
peak position were plotted for the SI GaAs anteffa@.  though the pump power for the GaAs:Asintenna was only
6(a)] and the GaAs:As antenndFig. 6(b)]. 5 mW.

B. Emission efficiency
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350 ® S.I GaAs @5mW and saturation power for the PC antenna, which depend on
*;30-_ A S GaAs @10mwW - the carrier mobility in the PC material. Theoretical curves
;7 [ % Sl .GaAs @20mW fitted to the experimental data for these two PC antennas are

] Lo
< 2.6 Flectric line broken @ 25mW shown in Fig. Tb) by dashed lines. The agreements between

Q@ . m mult-GaAs:As+ @5mW

S20r e u the theoretical curves and the experimental results are very
% 151 = good in both cases. The characteristic saturation inteRgity
€10l X for GaAs:As” (~20 mW) is much higher than that of SI

GaAs (~6 mW), and similar to that of LT GaAS.Because
the saturation power is proportional to the inverse of the

1 % e
'_0'0_' iaddl carrier mobility?” we can estimate the relative mobility of

0.5 1 1 1 1 I I I L 1 1 1 L . <+
0 5 10 15 20 25 30 35 40 45 50 55 60 65 GaA_s_.As to that of _SI GaAs. If weczrz‘i;/sume the ele_ctron
@) Bias field (kV/cm) mopll|ty of §I GaAs is about 5000 /s, the effective
carrier mobility for GaAs:A$ substrate is estimated to be
0.45 about 1500 cfiV s. When we take into account the fact that
040 ® Sl GaAs the carriers excited in the layer of the As ion implanted re-
T gl T Multi-GaAs:Ast gion is only about 10% of the total carriers, while others are
E o030l o P excited in the SI GaAs substrate region, the value of carrier
3 0'25 1 o '- mobility in the As ion rich layer is estimated to be about 150
2 e cn?/V's, which is comparable to the reported value of mo-
-:E-,_ 020 ‘o 'l,,,—'—' bility in LT GaAs (~200 cnf/V s).2
015 .
© ®» .
N 010 IV. CONCLUSIONS
0.05- ;.
= i In summary, we showed that the THz radiation wave
0.00 R SR o y .
10 15 20 25 30 35 40 45 50 forms of _|o_n-|mplanted GaAs:AsPC antennas were bipolar
(b) Pump power (mW) and exhibited a sharper and deeper negative second peak

FIG. 7. (2 Bias field andb) ) denendencies of TH radiati than in the case of the SI GaAs antenna. We attributed this
. 1as fiela an pumping power dependencies o Z radiation Fp . H
amplitude for 5um gap size PC antenna based on S| GaAs and GaAs:As wave fo:m C,haraCtenStIC to the ultrafast carrier dec?y n
with pumping power of 5-20 mW and bias voltage of 5 V. GaAs:As . Bias dependent wave forms of the GaAs'As
and S| GaAs antennas were explained by lthealley scat-
tering of electrons, which should have been less significant
_ for the GaAs:AS due to the short carrier lifetime. The bipo-
Figure 7b) shows the pump power dependence of thejyr \yave form of the GaAs:A's antennas resulted in a spec-
peak am+pl|tude in the THz wave form for the SI GaAs andy5| yistribution shifted to a higher frequency. Other advan-
GaAs:As’ antennas under a constant bias voltage of 5 Vtages of the GaAs:As based PC antenna are the high
The amplitude of the emiFted THz radiation from the Sl damage threshold biasirg-60 kV/cm) and the large satu-
GaAs g_ntenna was much higher than thg GaAé:éstennas rating optical pumping powef~20 mW) compared to those
at exciting powers below 20 mW. The high efficiency of SI it ihe S| GaAs based antenndsas <45 kV/cm and satu-
GaAs antennas at low excitation powers can be explained by, i, power~6 mW). From the relative saturation depen-
the higher ph'otoconduc't.ive gain due to the Ion% carrier life-yance on the pump power to that of the SI GaAs antenna, the
time and a higher mobility than those of GaAST/ASHOW- .4 rrier mobility in the As ion implanted layer of GaAs:As

ever, the THz signal from the SI GaAs antenna saturateg s estimated, including the SI GaAs substrate effect, to be
around 15 mW and decreases beyond 20 mW. On the otheg,, + 150 crffv's, which was comparable to that of LT
hand, the THz signal from the GaAs:Asintenna increased GaAs. However, the emission efficiency might be better

almost linearly up to 45 mWthe highest power used in this .,mnared to LT GaAs based antennas because of the higher
experiment and exceeded the signal from the SI GaAs an-gfactive mobility of 1500 crV's in GaAs:AS /SI GaAs
tenna. The saturation properties due to the carrier-screening pcirate. With the higher bias field and larger pumping
effects were discussed by Benicewigrzal,'” and Darrow _power confirmed in this study, GaAs:Ads promising as the

et al® for large-aperture PC antennas. The same discussiaQ) sirate of the PC emitter antennas for THz radiation.
can also be applied to the case of small gap PC antennas by

tqking into account t_he effect of the n_onuniform spa_tial ra- A CKNOWLEDGMENT
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