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Terahertz studies of carrier dynamics and dielectric response of n-type,
freestanding epitaxial GaN
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We report the characterization of the complex conductivity and dielectric function of GaN by
terahertz time-domain spectroscopy. Transmission measurements are performedndyppan
180-um-thick, freestanding GaN crystal. Frequency dependent electron dynamics, power absorption
and optical dispersion are observed over the frequency range from 0.1 to 4.0 THz. The measured
conductivity is well fit by Drude theory. €2003 American Institute of Physics.
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Epitaxial GaN has been recognized as an excellent cardoped, n-type, 5 mmx5 mmx180xm thick, freestanding
didate material for short wavelength light emission and highcrystalline plate. Originally grown oi€-plane sapphire by
power electronic applications owing to the wide band gapthe hydride-vapor-phase epitagyVPE) technique, the GaN
(~3.4 eV), high breakdown field, large electron saturationlayer was removed from the sapphire substrate by laser
velocity, and chemical stability at high temperatures. Theliftoff. 1% The ¢ axis is perpendicular to the main planes of
optical and electrical properties of nitride materials havethe sample. The sample is attached to a thin brass plate and
been studied extensively at ultraviol@V) to blue, and in-  centered over a 4-mm-diam hole in the plate, which defines
frared frequency range using a variety of techniques includthe optical aperture. Another identical clear hole is used to
ing photoluminescence, magneto-optical infrared transmisgaie the reference signal designated as the input pulse. Our
sion, and infrared spectroscopic ellipsoméi§.At UV Tz system for this measurement is a photoconductive
frequencies, thd’s and ' free excitons, and longitudinal  gyjitch based THz TDS spectrometéThe system is aligned
excitong in GaN have been observed by emission measuréy 5 4F confocal geometry that enables excellent beam cou-
ments at low temperatui@ K). Using infrared ellipsometry, ing between the THz transmitter and receiver. In order to
optical phonon modes over the frequency range from 300 tQ,hress the THz beam to a diameter comparable to the size

_l . .
1200 cm émM a'G‘F?lN ha\{e Ibeer;] dete:mmed at rooIIn of the GaN sample while preserving the low frequency com-
temperature. More interestingly, the multiquantum we ponents, a pair of 25 mm focal length, high-resistivity, sili-

based UV light emitting diod€L.ED) grown on a freestand- 8on lenses, separated by the confocal distance of 50 mm, are

ing hydride-vapor-phase epitaxial GaN substrate showe laced on the axis of THz beam between the two paraboloi-
more tha a 1 order of magnitude increase in emission powerp : :
dal mirrors. As a result, midway between the two lenses, a

at 340 nm compared with the LED grown on sappfiiRe- {{equency independent 2.8-mm-diam THz beam waist is ob-

cently, terahertz emission in nitride materials was observe Lined and on which the 4 mm samole clear aperture is cen
with InGaN/GaN LED structures excited by the blue laser P P

ulses from a frequency-doubled femtosecond Ti:sa hiréered' .
IF;ser7 g y PP The measured THz pulses transmitted through the

In this letter, we report the characterization of the Com_sample anq reference gpertures e}re shown in K&. ’j[he
plex electric conductivity and dielectric response of a GaNpeak amplitude of the first _transmltted output pulse is about
freestanding crystal over the frequency range from 0.1 to 4.§0% that of the reference input pulse due to the frequency-
THz using THz time-domain spectroscopyDS). The THz dep_e_ndent absorption and reflectl_on of the GaN _sample. The
TDS technique has been widely used in characterization gidditional pulses are due to mult|p-le reflect|o.ns in t-he GaN
various materials including molecular vap8issemiconduc- Sa@mple. In order to increase the signal-to-noise regitN),
tors, 112 and conducting polymerS. According to the each pulse curve is the average of ten individual measure-
simple Drude model of conduction, the key parameters thafents. The resulting background noise of the output pulse is
determine the free carrier dynamics in a material are thét the level of 0.27 pA for which S/N1100. The first signal
plasma frequency, and the carrier damping rafe Since ~ pulse(multiplied by 3x) is compared in more detail to the
the values ofv,/27 andI'/27r are THz frequencies, the mea- reference pulse in Fig.(#) with an expanded time scale.
surements should be performed in this frequency range. Toigure Xc) shows the corresponding normalized amplitude
fit our transmission measurements through the GaN samplepectra of the input pulse and output pulse tr@mltiplied
the simple Drude model requires,/27=1.82 THz, and by 3X). The oscillation in the output spectrum is due to the
I''27=0.81 THz. multiple reflections and is described by the well-known am-
The GaN sample used in this study is an unintentionallyplitude transmission function of a parallel dielectric sfab.
The complex spectrum of the transmitted puiggw) is

Author to whom correspondence should be addressed: electronic mafi€termined by the_prOdUCt .Of the input spectriiw) and
grischd@ceat.okstate.edu the total transmission function of the sample
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FIG. 1. () Measured reference THz pulgdotted line and output THz 00 05 10 15 20 25 30 35 40
pulse with reflectiongsolid line offset by—0.4 nA); (b) measured reference Frequency (THz)
THz pulse(dotted ling and the first output THz puls@olid line offset by
—0.4 nA and multiplied by &) with an expanded time scale; afc) cor- FIG. 2. Comparison of measured resultgen circleg with Drude model

responding amplitude spectra of reference putiatted ling and output fitting (solid line9: (a) power absorption coefficient; (b) real part of re-
pulse(solid line multiplied by 3<). The open circles give the output spec- fractive indexn, , and(c) complex electric conductivity-, and o; .
trum calculated from the reference spectrum using(Eg.

conductivity shown in Fig. ere obtained from the ex-
tyoto explikL)exp(— al/2) uctivity shown in Fig. @) wer ined fr X

=E perimentally determined andn curves shown in Figs.(3)
Eolw)=Ei(w) 1+rqroexp—al)expi2kl)’ @ and D).
where E;(w)=Eg(w)exp(—iksl); Er(w) is the reference The measured absorption, index of refraction, and com-

spectrum, and the phase correctiosl. is due to the free- plex conductivity were then theoretically fit using the simple
space occupied by the samptes, ty; andry,, o, are the Drude model®!?for which the complex conductivity is de-
frequency-dependent complex Fresnel transmission and réined byo=igqwj/(w+iT’). Three parameters were used to
flection coefficients, respectively; is the power absorption fit the experimental data: the plasma frequeney/2m
coefficient,k is the sample wave vectér=27n/\q, andLis ~ =1.82 THz, the carrier damping raf&27=0.81 THz and
the sample thickness. Because of the relatively clean separtie real part of the dielectric constant Re=9.4. Given the
tion in time between the main transmitted pulse and the firsteduced mase* =0.22mj for electrons in GaN,these pa-
internal reflection, the initial data analysis was performed orfameters correspond to a number density Nf=0.91
the main pulse only. For this simpler case the denominator i< 10"%cm® and a mobility = 1570 cnf/V's. According to
Eg. (1) reduces to unity and the frequency spectrum of onlyRef. 5, the free carriers in the HVPE GaN crystal are domi-
the first transmitted pulse shows no oscillation. This approxinated by O donors over Si donors. In FigaR the material
mation enabled the quite accurate determination of the poweabsorption of intrinsic GaN, determined by the imaginary
absorptiona and index of refraction n of the sample, as part of the dielectric constant lmy, is responsible for the
shown in Figs. 2a) and 4b), respectively. Using these deter- difference between the Drude fitting curve and our measure-
mined « andn, the full output pulse train was analyzed by ment of power absorption at frequencies higher than 2 THz.
Eg. (1) and very good agreement was obtained for both the’he measured real part of refractive indgxshown in Fig.
spectral amplitude, as shown in Figc), and phase of the 2(b) agrees quite well with Drude fitting. The real and imagi-
entire output pulse train. nary electric conductivity calculated from the optical data are
The frequency-dependent dielectric constant is defineghown in Fig. 2c), respectively, where Drude fitting agrees
ase=gq+iol(wey)=(n,+in;)? whereeq is the complex  well with the measurements.
contribution of the dielectricy is the complex conductivity; For the data shown in Fig. 1 the receiver antenna had a
andn, andn; are the real and imaginary index of refraction, total length of 10um. In order to measure the sample with

respectively. Using the relationship the real and imaginarymore precision below 1 THz, the receiver antenna was re-
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FIG. 3. (3) Measured reference THz pulgdotted ling and output THz 0.0 0.2 04 0.6 0.8
pulse (solid line offset by—120 pA and multiplied by &) and (b) corre- Frequency (THz)

sponding amplitude spectra of reference puthsted ling and output pulse

(solid line multiplied by 5¢). FIG. 4. Comparison of measured resultpen circleg low-frequency re-

ceiver with Drude model fittingsolid lineg: (a) power absorption coeffi-

. . cient ; (b) real part of refractive indexr, ; and(c) complex electric con-
placed bY_ one with a total Iengt_h of 1¢0m. F'Ql_Jre 3_Sh0W3 ductivity o, and o; . The dotted vertical line giveE/27=0.81 THz. The
the resulting measured transmitted pulses with this A60  solid squares are the experimental results from Fig. 2.
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