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I. INTRODUCTION

} in semiconductors represent the fun-
vest lying) excitations and result from
raction between the electron and hole,
itive, probes of crystal quality and ap-
re usually observed at low temperatures
terials. The recent discovery that exci-

ntum wells are stable at room tempera-
ed in a flurry of activity in study of the .
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crystal have been shown to be minor [10]. Sa}npling based
on the electrooptic response of GaAs substrates has been
demonstrated [11], as also has sampling relying on inter-
nal space-charge fields [12]. In addition, sampling in the
gate region of a single-quantum well MODFET has been
reported in CW [13] and picosecond time domains {14].

In this paper, we discuss a new approach to the mea-
surement of electrical signals with femtosecond time res-
olution. We use the parallel-field excitonic electroabsorp-
tion effect in GaAs multiple quantum wells {4] to sample
the signal which propagates in a coplanar stripline on a
very thin substrate (a few microns). Substrate removal is
necessary in the GaAs/AlGaAs epitaxy system in order
to probe the optical absorption of the quantum-confined
exciton layers.- This results in new high-speed structures
which have unique properties. We also use the quantum
wells to generate terahenz electrical transients by several
mechanisms: exciton ionization by dc fields [4] and pho-
nons [6a], two-photon absorption [15], and we discuss the
possibility of screening by virtual excitons [16], [17]. We
finally discuss the unique propagation properties of these
novel ultrathin structures. :

II. EXPERIMENTS

Excitonic resonances in semiconductor quantum wells
(QW) remain well resolved, even at room temperature [2]
and they are strongly modified by application of static -
electric fields [4]. Two field configurations are possible.
For applied fields of 10° V /cm-10* V /cm parallel to the
plane of the layer, the resonances are broadened by field
ionization. For fields perpendicular to the layers, the large
band edge discontinuities restrict the separation of the
electron and hole, resulting in the'quantum-confined Stark
effect (QCSE) [4] which is characterized by large Stark
shifts with well-resolved exciton peaks. QCSE is obtained
with fields in the range =10° V/cm. In both cases,
changcs in absorption coefficient on the order of Aa =
10° ecm™' are easily achieved. In the cidse. of
GaAs/AlGaAs QW's grown on GaAs, the substrate is
opaque .at the wavelength where the QW electroabsorp-
tion is important and it is necessary to remove it. Several
techniques” have been developed to remove GaAs sub-
strates, including selective etching for opening mm? win-
dows [18] and even total removal of substrate over cm?

- areas [19]. Free-standing films as thin as 0.1 um can thus

be fabricated that exhibit very attractive features for ul-
trahigh-spced optoelectronics. The structure that we have -
uscd in the present cxpenmcms is shown i m F:g 1. It con-
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sists of a free-standing QW film with thin gold coplanar {10 fo- h
striplines evaporated onto the film. We shall discuss in j '
detail the high-frequency properties of this structure later. . " GaAs MOWA
For the moment \a qualitative analysis will suffice to show :

‘its unique potential for ultrafast opt_oelcctroni'cs. As shown
-in the inset of Fig.|1, when a voltage is applied to the
* conductors, the field lines on the top are in air, and at the
bottom, the fields lines are mostly in air as well. Rela-

~
FREE-STANDING

ot . N . . L i
tively few field lines remain in the dielectric. This struc- -
ture therefore has aflow eﬂ'cctiyc dielectric constant, re- TRANSMITTED
sulting in a high| propagation speed and very low ° . Gass SUBSTRATE SIGNAL
dispersion and radi; tive losses. Furthermore, the high- Fig. 1. Sample structure. A 10 um gold coplanar stripline which is $ mm
uality. i i _ long is patterned ontp. a sample composed of 0.7 um of GaAs quantum
q. ty ,scn?lconduq r film “S.elf can be used ,for gener wells on top of 1.97 um of stop ctch AlGaAs layer. The substrate is
ating electrical transients by using ultrashort optical pulses removed ina | x 1.3 mm area. A pump beam excites the striplinc and
to produce real [8] or virtual [16], [17] shunts between the probe beam samples the excitonic ¢lectroabsorption response any-
the lines. These elelctrical transients. as they propagate where in the circuit. The inset indicates that the field lines propagate in
i . ' 1 ) air on both sides of the diclectric.
along the lines, produce a transient elgctroabsorption in
the QW film that cah be used to optically probe the field
within the QW. The device shown in Fig. | provides
simultaneously the means to generate, propagate. and de- w
tect electrical transients with terahertz bandwidth. - 2
The sample we have used for these experiments con- © oV B
. . -y
sists of a 0.708 um GaAs/AlGaAs multiple QW layer of. \/
and 'a 1.97 um thick stop-ef® er of Aly1,Gag esAs g 1.
grown on a semi-insplating GaAs sub¥rate. The multiple- 2 10 V BIAS
: QW_laycr compﬁse§ 50 periods of 69. Alg 32Gag ¢sAS = a0 A UVA.AVA*;‘
 barrier layers and 72.25 A QW's. The *s themselves : § \J
consist of a five-period superlattice: 11.5 A GaAs layers IS o .
- and 2.95 A Alg;,Gag ¢sAs layers. This unusual compo- - ; ’ . :
) ’ bl | 1 1 Il
~ sition' [20] adjusts the exciton energy to near resonance ETiee B B0 8%
with our femtosecond lascr_source The wafer is. proton- o . WAVELENGTH (nm)
lmplanwd’ with the energy_.f'ind d0§c of Fhe implant care- . Fig. 2. Differential. spectrum measured with light bulb in between con-
fully chosen to create semi-insulating quantum wells, yet  ° 1acts. A 5V signal is chopped at low bias (10 V) and high bias (40 V)
avoiding significant defect broadening of the exciton res- and the rc«ulung differential transmission signal is,measured. At high

. _ AR f tion in less than 100 f
onances, and the carrier lifetime is then reduced to about "¢t line s broadencdby field fonization in less than 100 fs.

© 50 ps [21]. A 10 um gold coplanar stripline is patterned

30% - +

onto the top (QW) side of the wafer,-and the back region i ! ! '

is then carefully removed overa 1 X 1.3 mm area by a " 2 . v
selective etch solution which stops the .at the ‘ .

Aly 32Gag ¢gAs layer| Thus, we obtain a free-stanging fild -

of %2.7 um thickness with the 10 um gold copl: bar strip- : f“f: 159 |- .

line attached.
We apply a dc b|as to the cleptrodes, and thus obtain a
parallel-field excitorjic electroabsorption in the region be-
tween the electrodes, We first characterize’the modulation . " . ) . .
of light which is obtairfed when a dc voltage is applied to ° 0 20 %0 4 %0
the stripline structurg, Fig. 2 shows the relative transmis- BIAS VOUAGE V) —
sion change which i3 obtamed when applymg a5V mod- . Fig. 3. Linearity of detection. The peak transmission change as a function
. of voltage shows a rcasonably lincar response over a range of 30 Y. At
. ulation around a 10 v _dc bias and 40 V bias. When the low voltages. the ‘signal varics quadratically with bias. The modulation
. electric field is applied in the plane of the layers, the.ex- sensitivity is about 1 percent/V in a 10 um linc. .
“citons are field ionized:"The shortening of the exciton life- ‘ :
time results in a strong broadening of the resonance. For  shows the peak cransmission change asa functlon of volt« :
"high fields (>10* ¥V - cm”'), the resonance width in-  age, demonstrating’that at low fields, the-modulation is
creases approximately linedrly with the bias field. Con-  quadratic, whereas at high fields, it becomes quite linear. -
sequently, the frequency width of the modulation region  The slope is about 1, percent / V -applied; thus, the QW
increases as the dc|bias is increased. The width of the exciton is a sensitive detector of applied fields. At higher
exciton line is a direcv indicator of the local electric field  voltages, the modulation begins to saturate, and then elec-
inside the quantum |wells, and it provides essentially an  trical breakdown occurs. For comparison, we note that a
*‘instantaneous’” mr’asure of the applied field. Fig. 3 Pockels modulator with a 2 kV half-wave voltage has a
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sensitivity of atiout 0.1 percent/V. We have not at-
tempted to optimize the ! percent/V.excitonic detection
sensitivity, and it is likely that higher values could be ob-
. tained in smaller structures or with different quantum well
parameters. ' - -
* For the transient-field experiments, a pump bedm that
consists of a train of ultrashon opucal pulses is focused
toa =15 um du meter spot” gn the sample, either across
the stripline in the so-called:*sliding- contacrﬂ excitation

mode or in the gap region (Fig. 1). The phatocarriers gen-

- erated by. the pump produce a transient thange of the QW-
/ycléctric cons’taltt between the conductors, sending an
electrical transient propagating down the line. A weak
“probe beam is intident between the two gold conductors
at the position to|be sampled. To detect the electrical sig-
nal as a perturbation of the bias voltage, the variation of
the probe intensity transmitted through the QW sample is

- measured. We use a two-jet synchronously pumpcd dye
Taser which pro?, ces pulses of 100-150 fs duration at X\
= 805 nm {22)" [Bhis laser cannot be tuned since it oper-
ates in a strong passive mode-locking condition. Two dif-
- ferent types of experiments are performed. First, we use
the unamplified femtosecond pulses at high repetition rate
(82 MHz) obtained directly from the laser with a fixed
wavelength. In the second set of experiments, the 805 nm
pulses from the laser are amplified at 8 kHz repetition rate
-and converted toj 'w ite light continuum pulses [22]. We
then use an intdricrénce filter to select the desired the ex-
citatign wavél_eng th

_A. Resonant Excjration

In the first experiment, the pump and probe are directly

. derived from the laser at an 82 MHz repetition rate. The
" average power in the pump beam is a few mW and the
“probe is = 100 times weaker. The pump beam is passed
through a choppelr at a | kHz rate and a variable delay is
introduced between the pump and the probe by a 100 nm
resolution stepper motor. The transmitted probe beam is
‘collected by a photodiode, detected by a lock-in ampli-
fier, and digitized . with a computer. The high repetition
rate..alows extensive signal averaging; however, the
whvelengths of the pump and the probe are identical and
nontunable. The|special design-of the QW composition
described above |tunes the excitonic absorption close to
the laser wavelength (pure GaAs QW of this thickness
would have, excitons at =840 nm). The sample s
mounted into a thermoelectrically-controlled copper block
which can be operated between +40 and —35°C to fine
tune the exciton|absorption to the laser wavelépgth. In
these experiments, the excitation of the stripline is at the

. center of the exciton.resonance, so that, initially: excitons
-and no free carriers are created in begween the stripline.
\‘.l.c%)m tempcmture and i in the absence of dc field, these
“excitdns are ioniged in a-time =300 fs by collision with
~LO phonons, thus releasing free electron-hole pairs with
; substantiahgxcess energy [6a] Inthe presence of largc dc
fields, howcvcr hc excnons are not in bound states. " The
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wave functions correspond to electrons and holes which,

.although still correlred, are separated by- average dis-

tances large as compared to the Bohr radius. These statcs
correspond to the open hyperbolic orbits of classical me- .
chanics, as opposed to closed elliptical orbits of the bound
states. Using the inverse of the resonance linewidth as a
measure of the times it takes the electron and hole to tun-
nel away one from another, we estimate that photocarriers
are relegsed in less than 50 fs, at the fields typically-used
in our experiments. Fig. 4 shows tht signals which are J
obtained under these conditions with the pump and probc
beams separated by about 150 um. In Fig. 4(a), the initial _
transient is shown. We obtain risetimes of 500-700 fs for
this condition, even when the laser pulses are 10Q-150 fs

'in duration. The initial rise is followed by a reproducible

decay. Fig. 4(b) shows the signal under similar condi-
tions, but on a longer time scale, illustrating the formation
of reflections at later times which occur'as a result of the
gap n.gion and the dielectric interfaces at the edges of the -
sample. The fastest risetimes obtained in this. mode are
500-700 fs, apparently not limited by the laser pulsc-du-
ration. The time resolution of this experiment could,
principle, be limited in the generation stage, the propa- ,'

_ gation stage, or the detection stage. We have previously

shown that the excitonic time response to a rapidly chang-
ing electric field is at least as fast as 330 fs [23], although
this experiment did not allow for propagation studies over
macroscopic distances. The dispersion of the present .
structure is not strong enough to explain this result, as we.
discuss in the next section. This sugggsts that the risetime
could be limited by the excitation process. In this-case,
we excite exactly at the absorption edge, whiat‘geherates
carriers with zero excess energy. The transient photocon-
ductivity of a cold plasma in a warm lattice’ with electric
field applied does not appear to have been studied before;
usually, experiments are-done with excitation far above
the band edge, which creates high excess energy carriers
initially. We measure a propagation speedsof dbout 1.4
times slower than the speed of light for this structure.
Although the excitonic electroabsorption is a sensitive
detector of applied fields, its use as a sampling detector

_is limited by several new problems. First, the ultimate

detection sensitivity is limited (at the shot-noise limit) by.
the ‘probe beam intensity. In the case of electrooptic de-
tector materials, probe beam powers of several mW can

be used; however, in the case of excitonic electroabsorp- -

' tion ‘detection, lower powers are necessary to avoid self-
- saturation of the probe- [2]. [3) and excessive probc-m-_

duced photocum:m Of course, no sampling technique, is
truly noninyasive, and in the case of excitonic elec@pab--
sorption, the probe beam photocurrent is the pcnurbauon «
to the circuit.. Interestingly, electrooptic sampling also in
principle causes a transient‘to be generated by the probe
beam by optical rectification {24]. For the quantum well ‘

~sampling technique, this pomt needs more mvcsugauon,

A further problem is that in the present experiment, we
use a synchronously pumped two-jet femtosecond laser fo
provide light pulsés in sesonance with the exciton [22]. It
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 can excite below at, or above the excrtons thus choosmg ,-

v
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¢

the energy and nature (real or virtual) of thé photocjrriers:
: For these experiments, we replace the chopper with- a. *

. shutter Which is synchronized to the scanning of a differsi,
ential detection optical multichannel analy;erlspectrom-' ‘

eter which allows fis.to record .the tige- resolyed differ-,
ential transmission spectra at the probe spot [27]. We cool

- the sample to 250 K,. placifig the exciton wavelength at "

about 785 nm, so that the high-intensity continuum pulses

© occur at.energies below the bartdgap energy. Thisis the §

optimal condition for spudying several new excrtauon
mechanisms for femtosecond electrical pulse.generation. .,
By pumping belowthe band edge ‘We can explore éffects

- S N 2589
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which .are. dug to virtual carrier generation,: - such’ as ac: fg'

Stark effect [28] [29] and field-inducgd optical recuﬁca-“
tion [16], [17] which has been proposed’ We,have pre- -

Qviously studied the ac Stark effect in de—brased quantum

wells in the perpendicular field geometry [15); but we did - '

“not obtain propagating components, due to dielectric dis-

sipation in the dopant layers. Inthe present case, the use
of coplanar striplines provides ef’ﬁcrent and well-defined :
propagation, modes, and excitation below- thé band edge .
allows us'to measure the exact system excitation response '
function at the generation point since.the ac Stark effect .
is essentially instantaneous.*In. fact the Virtyal” camers

lflg Stgnals detected with resonant excitation at 82 MHz. (a) Signal

N wnh 150 pm pump-probe pacing-on fast time scale. Risetimes of 500-
7800 fs’ are.obtained in this condmon (b) Same conditions, but on ‘longer
time sdle showing refléction at gap and dielectric discontinuities at GaAs
“edges. “Initial refaxation is of unknown origin, but could be a velocity
overshoot starting from k = 0 ora contact’ rplaxauon effect.

have an effective lifetime of the inverse detp{ung, whrch~

is only tens of femtoseconds for this € experiment. We-

therefore first measure the ac Stark eﬁ'ecf wrth the pump.

and probe pulses overlapped in,the stnplnne without' ap-

: plied bias. The frequency-integrated ac Stark” sighal is’

R ‘ e shown in Fig. 5(a). This srgnal has an’ FWHM of abdut

is'Well known that these lasers have poor noise perfor- 170 fs, which. results from the pump and probe pulses

. mance compared to. CW-pumped colliding-pulse mode-  having durations of about 100 fs. We consnder this as the

~ " locked. lasers [25]. The probe"beam saturation' problem * system excitation function at the generation “point. The

.o “combined with the excessive noise spectrum of the syn-  frequency integration, of the ‘differential ‘transmissjon

" chionously ‘pumped lasér account for the relatively _poor - spectra recovers the r‘léxcnon dynamics’ free of pumip-in-

) srgnal “to-noise -ratio ‘of the data at present as shown in‘ duced polanzatlon effects [30], and’yields the phase-space

‘Fig- 4 compared te.othet sampling techniques. Recently, ﬁllmg component.of the ac'Stark effect due to virtnal car-

-a Ti-sapphife laser—pumped colliding-pulse mode-locked  rier populations. We find that this srgnal does not return

dye laser operating at 820 nm has been demonstrated [26] to zero at late times because at high ultensmes (5-10 GW

- which should provnde srgmﬁcantly 1mproved noise per- -cm” %), the'subbandgap excitation produces 2 srgmﬁcant

formance for thts applicatton S . two-photon absorption excitation, which places extremely

, Callbratlon issan important .issue in-any measurement  hot carriers about 1.5 eV above the band edge. The hot

techmque We estimate that the peak voltage is a few  carriers, whose energy greatly .exceeds the two-dimen-

#*-~ hundred mV from: lhe average photocurrent repetition sional confinement potentials(about 250 meV), are free

' rate, and estt,matcd carrier lifetime. If we assume that the ~ to move in three dimensions and instantaneously screen

* nodulation sensrtrvrty for femtosecond signals ‘is also  the exciton absorption [15]. We then move the probe beam

' f ‘about 1 _pgreent / V as.in the dc casé, 'we expect srgnals in about 100 pm away from the pump spot and measure the

’_( the range of fne part in 1000 transthission, change. Thrs frequency- integrated probe differential transmission sig-
Ts appréxrmately the peak signal jn Fig. 4. Clearly, more - nal. This transient exhibits a risetime of about 180 fs,

. »work 1s heeded~m calrbratlon techmques which is the fastest guided-wave electrical signal-which

S . has been reported It contains two contributions: .the rstep

o B. 43?’0“’ Resonance Exc:tatzon A " response is due to the two—photon generated real carriers,

i+ In the, second set of expen’rnents the 805 nm pfises "~ and tife ringing 15 the first Tndication of, switching from

.from the Jdasér are ampltﬁed at an '8 kHz repetition rate. virtual excitons [16], F17]. Other resilts obtained at Jower

..and com(erted to white light contmuum pulses [22]: In ~ intensitie¥ give further indications of vrrtual -carrier-in-

g thls casg,‘'we obtalr} mdchlngher emergy per pulse, but at . , duced switching with. smaller (:ontnbutrons from two-

- a lower repetmon rate, and usirg mterference Tilters we’ photon absorptxon These results will be reported else-

o
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-# Fig. 5. Slgnals “generated ‘with subﬁandgap excitation at 815 nm wrth exr
. citon line at 785.nm. (a) Frequency-integrated ac Stark effect with pump
‘. . and probe beains overlapped showing an FWHM of"170 fs. This repre-
sents the true system fesponse functton .including pump and probe pulse- ©
widthsa The finite tail at late times is from two-photon absorption. Pump
intensity is about 5 GW / cm?. (b) Propagatmg signal at 100 um dtstaqce
* Signal exhibits a 180 fs risetime. The step part of the transient is due to

a2

sient generation. '

Ve N
N 2 'Y

. -

where., The fast sw:tchmg transient response indicates that
. our structure has extremiely low dispersion, and that the
N excrtomo response is very fast as well. The excitonic re-

" . sponse is expected to. be very fast since the width of the

* & exciton line is eSSentrally a probe of the internal electric®
field at the instant a photon is absorbed. More fundamen-

tal ‘arguments can be used, to address the issue of the ul-

" timate tmfﬁvresptmse of the exciton; they will be reported

«elsewhere Further expenments along these lines are in--

‘progress. This' result appears to corroborate our claim that

i the 500~700 fs hsettmes obtained in the previously dis-
cussed resonant excrtatron expenments {Fig. 4) are due to

. creating carriers. only at thg very bottom of the band. Sig-
nal levels of a few percent ‘tranismission ‘change are ob-

tamed cOrrespondmg to .swuched srgnals of a few volts. ~ analysrs [33]

<

v ”III PROPAGATION‘ MopEuNG.

We consider now the dxspersnon -and 108s characterrstrcs
of coplanar stripline structures in the ultrathm substrase
e “Timit. We have considesed two different’ cases: ﬁrst the
case of only modal dispersion and conductor and radiation.
. losses, but usmg a fixed dielectric constant for’ the sub-

"strate, and second, incorporating the phonons via a fre-’

quency-dépendent dielectric fuhction. Using our ap-

- proach, the phohons may. be mcorporated only~for very
thin substrates.

The voltage (V) ona transmxssmn hne ata pomt z at
: tlme tis gwen by ;

V(z, t)

.

Nte]

RS

F~! [e,’fF[V(o, :)]5]

L.

PR
-

; where. F and F~""
” ‘and’ its inverse, respéctively, and vy

two-photon carrier generation, dnd the ringing may be due to virtual tran-

(1)

r‘ K .f - . *‘c ‘\" '.

. -, -
» T aa
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denote the Fourler transqun operator
= ~oa + ifisthg
‘propagation function of the line.' The problem.is then re- .
duced to characterization of the transmrssron ‘line jn the )
fr;eq\xency domain. We deﬁne R

e

o
«4“
P

@)

- 2 v .
§€9=*%fnc‘ff st
. . o et
. whete f is the’frequency of the signal, ¢ is the speed of
light,.and 7.¢-is the effective refractive index of the line.
Any’ two- conductor line may support a quasi- -TEM -
. mode which has no cutoff frequenty. The effective index
- of the line for this mdde is constant for signal wavelengths
much longer than the drmensmns of the line. In mixed
' alr-dxelectnc lines like our coplanar stripline, this effec-
- tive index has a valug between the indexes of air and the-
" dielectric, and is determined by the percentage of field
lines in either. It essentiglly can be determined from a
static model. As the wavelength becomes comparable to
fine .dimensions, the field distributions of the mode -
change, so that the effective index changes Typically, at
“wavelengths much shotter thap Tine dimensions, all of the
field tines are confined in thg: dielectric, so that the effec-
tive index 1s that of the dlelectnc (n = ¢ ) Therefore,
the effective index goes through a transition from its static
value to'that of the dxelectnc at wavelengths near. the lme
dlmenswns ot .
- The static effective index n‘?‘) for coplanar striplines
whose substrate-depth (d") 1swmﬁmte ‘has been determined
by Wen [31]. ConformaLmappmg is used to “map the co- -
planar geometry-into 4 parallel plate geometry wherein
_ half of the volume is occupied by the dielectric. This T re-
, sults in "
2 e+ 1

< e /)

For GaAs (e, =-13.1) substrate coplanar stnplmes, thxs
“results ih n'Y = 2.56. Static analysis for finite d has'been
performéd by Davis et al. [32]. The finite th}ckness'of the
substrate produces a void in the dlelectnc when_it, ds,
mapped into the parallel-plate conﬁguratlon Bahl er al,
have derived the followmg formula by curve ﬁttmg to thls

r—-"

K ’

[nﬁ?f’ (oo substrate).-

’ d

N

.

.'_ + ' ,' '.
] & I[}anh(l 785 log <d> + 1.75>'

* kw
i

&

[neg?
R

°

€

8

004—07k+001
< <’ " 10

+

-9 ' ;»'s, .—(l .;'- k)):l- ) . . I 4
. . . 4 r % N ( )
Here, w is the width 'of the conductors and k = s/(s +

2w) whefe s is the spacing between the conductors. How-'
‘ever, this formula®is invalid for d / w<l1, whrch is. the
«.case we are intérested in.
Presented here is an dnalysis of the static effectlve in-
dex for very. thm substrates. In this case, when mapped



“into the parallel-plate, geometry

. the plates. We find thz
first order ih d to obt

~.by using “the shunt-

i X
L8 - B .

b

o
U

T
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* “‘

the- ‘*void’’ becomes

large so that there'is only a thin shell of dielectric between

we obtain an approxin

at the mapping can be performed to
ain the thickness of the shell; then
nate- formula for the effective index
series capacitance techniques of

«Wheeler [34: % 7 -
B R a’
OF =1+ | ¢d + ——Ja :
[n . Zb[ . a—q,(1 - 1/e)
i' qb‘;

¢ + e a) |.

P a-— %(l - 1/ ) (d+ 4 +'qh)l

',7".' 0. N (5)
Here, a = K(k)s/2 = K(k")s/2, @& = t(w +

WL k= (1~ k?
integral of the first kind. If | ga.p (1 ~

K

%

~s/2)d, g5 = i‘(S/z)

is typically true exce
phonon energie's),-

V":‘

v P

-

For GaAs substrate

=s=10um this

[n‘e‘f’r’l =1

dwhere,i‘ s(s + 2w)/[4w(s +

1/e,)) << a, whrch
pt 1f €, approaches zero (e g., near

.

e

.
[’ ¥ (1 T HK(K)e

(~1) =
Kk
-

(nQP.=1+d/2fordi in pm. As expected, as the sub-

strate thickness goes
“1. Therefore, signals
- substrate is thinner than a few microns than on thick sub-
- strate lines. . ‘

. ysis of coplanar strip

- THz. Fig. 6 shows th

-~ The pulse has some f
" beyond 10 THz. This

.sidering our level of

As méntioned,, the

to zéro, the effective index goes to
will propagate faster on lines whose

quency. Hasnaintet al. have performed a fqll-»yave anal-

results to obtain [35]

f "efl'=

Here F. = f/fre, fTE

frequency above wh

0.54 — 0.649 + 0.0
with ¢ = log; (s/d)

lines, and have curve fitted to these

\ B {0)
. n = Neg |
n(e(f)f) + (7)

1 +aF~'¥

= ulog(s/w) + D where u =

From this formula, the maximum

dtspersnon occurs at a frequency ﬂ,,sp = a%frp
The digpersion frequency increasés rapidly as the sub-
strate becomes thinner? Ford = 2.5 um, (GaAs,”'w = s
= 10 pm) fyip = 9.9 THz. For'd = 100 pm, fy, = 2.3

time pulse on the 2.5

e result of propagatmg a 100 fs rise-
(a) and 100 (b) pm thick substrates.

requency components which extend
produtes the ringing present for the

2.5 pm, substrate smc‘e these high-frequency, components
propagate more s owly The propagation speed is c’/ 1.5,
close to the experimentally measured value of ¢/ 1.4 con-

approximation. of the structure with
’ A 3

, and K is the complete elliptic *

(6)

= 13. 1 coplanar striplines with'-
~becomes to a good approximation” -

effective index changes with fre-

=.c/l4d (e, - ] is the cutoff
ich the first nonﬁwa mode may
propagate, and log.(a)

5%, v = 0.43 — 0.86g + 0.540¢>'
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- Fx‘g. 6. Model for propagation containing modal dispersion and conduclor
losses. (a) 2.5 um substrate thickness with 100 fs risetime step input. (b)
Same but with 500 um thick structure. The advantagé of a thin structure
is apparent from this analysns

~

A N o g
S
. ~ ¢ -
s

our model. After 150 pm, the‘nsetrme of the pulse is 150
fs. For the 100 pm thick substrate, however the pulse is

. strongly dispersed.- The sharp edge of the pulse consists |
of frequencies above the dispersion frequency, so that it .

propagates at ¢ /n(GaAs). The lower frequency compo=*,
' nents propagate according to thé effective static index, so
they appear sooner, leadtng to a long rise tlme fot the

. pulse.
Fig. 7(a) shows the effective index (7) as 3 fun.cuon of ’

“frequency for different substrate thicknesses. For very thin
-substrates, the modal drspersmn vanishies. We note that.
for somé band-limited pulse shapes propagation on thick
substrates may be better than on thin substrates (lesstnet

broad-band case, the thm substrate is the only good 8O-,
‘lution. .o R %
" Next, we wish to 1nclude the effects of phonons since

* the.TO frequency in GaAs is 8 THz, and, this should;have ,
sngmﬁcant effects on propagation of 100 fs pulses. In or- %

der to properly include the effect of a substrate drelecmc
function which varies with frequency near the geometric
dispersion frequency, we would have to perform a full-
* wave analysis which i8 extremely complex. In the very
thin substrate limit, negligible geometnc dispersion is ob-~
tained, and material dispersion becomes most important.
In this case, any frequency component near the phonon

frequency can be considered to be in the static limit. The

. dispersion frequency is 64 THz for a 0.5 pm substrate

.-
. oy '

e ' +

§

pulse distortién upon propagatton), however; for -the -
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10
FREQUENCY (THz)
’ ‘e

o,

depcndcnce of eﬂ'ccuve index for(a) case of modal dis-

persion, condactor, and radiation losses only for four thicknesses of sub®

strate, (b) in the

thin substrate &;auc) limit including phonons for 0.5

um thickness, and (c) same as (b). but 0.2 gm thickness. The phonon

contribution goe

- geometric filling
P

- (using ¢, = 10
electfic functio
‘our expression
effective index
include geome
than the phong
dielectric cons!
imaginary com

5 to zero as thg thlckncss goes to zero because of the
factor. )

,“’ L

¢ .
— -
.

n of GaAs including phonons [36] for ¢, in
for the static effective index. Our *‘static’’
is now frequency .variant. We may still
tric- dispersion at frequencies much greater
n frequency, by using the optical substrate
ant in (7). Note that the static’index-has an
ponent due to phonon loss, so that 8 does

" also, which leads to an additional los$ comporent in (1).

We will show,
limit, not only

however, that in the ultrathin substrate
does the modal dispersion broblem vanish,

" but also the problem of phonon absorption is minimized,

and it should b

e possible to propagate electrical pulses of

. léss than 100 fs risetime pver macroscopic distances. Fig.

7(b) shows .the

e.ﬂ'ectxve index (7) with a frequency- -de-

« Pendent dielectric function for the 0.5-and 0.2 pm thick
structures. The TO phonon induces a smaller effect in the

_ thinner substre
Fig. 8(a) show
trical pulse in

te case due to the geon}emc filling factor.
s the propagation of an 80 fs risetime elec-
a structure of 0.2 um thickness, Fig. 8(b)

_shows the san

e with a 0.5 pum thickness, and Fig. 8(c)

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL.
P

.9)..Then it is correct to substitute the di- "

.-

T

* comparison.

“shows the res It of propagation in a buried stripline for
f ‘course, we cannot probe the excitonic
elcctroabsorpt on if the stripline is buried in GaAs, and
~ burying it.in AlGaAs is impractical so this is not a good
way to remove_the modal dispersion problem. Clearly,

the ringing which is due to the interaction with the pho- .
‘nons-becomes less severe as the substrate thickness is re-
“duced. Fig. 9 shows the same calculation, but using an
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Fig. 8. Model for thin substrate hmn comammg phonons (a) 0.2 um thick
sample with 80 fs step input, (b) 0.5 um struéture thickness, and,o(c’)”
buried stripline in GaAs for comparison. Clearly, thin substrate§ also
reduce coupling to phonons due to filling factor.

- *

3
;
v o

80 fs differential pulse as the input. Such a pulse has no
low-frequency components, and could be generated by ‘a
field-induced optical rectification 16}, [17]. Although this --
mechanism for generation was proposc;(tiix/nilglfaqg_[l Zzl
the methods for propagation-and detection were not dis-
cussed. Fig. 9(a) sh(;wh ropagation of the 80 fs de-
rivative transient in-a 0.2 pm structure, Fig. 9(b) shows. -
the propagatxon ina0.5 ym structure, and Fxg ‘9(c) shows
the propagation in a buried structure:, For this case; Fig.
10 shows the correspondmg power: spcctra for the electri-
cal pulses:before and after propagatmg a distance of 400
pm. Clearly, the thin substrate reduces the.yfundamental
problem of phonon interactions. In the buried structure,
all frequency components around 8-10 THz are destroyed
by the phonons. The other frequencies are not absorbed

.by this narrow resonance, although the dispersion extends

for several THz on dither side of the resonance. For the
thinner structures, the effect is to impose a wealvnngmg

~ at the phonon frequency. Thércfore, this fhodeling indi-"

cates that these structuyes ¢an be used for optoclectromcs
well into the rcglmc of lcss than 100 fs. We' are presently




 via a dirgct ins;

' to optical, fields
propagation properties of structures which push into a new
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Flg. 9, Same model as in Fig. 7, but with an 80 fs differential pulsainput,

as would be gene
effect). (a) 0.2 pi
. stripline in GaAs
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mentioned previ

modal dispersio
gate above the
dispersion shou
~ We consider
ognize that the

imate. In any ¢
we are investis
inclusion of mi
components. -

-

- We have dlSC

rated by a virtual displacement'current gac-dc Stark
structure, (b) 0.5 ym structure, and (c) the buned

for rcfercnce

o
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- e
N ¢ o - L L
- . . . .. . W
ces With thinner substrates and expect ta_
s in the very high-frequency refime. -As

usly, for some band-limited pulses, thick

.substrates can actually provxde propagation.with less net

n if all the frequency components propa-
TE cutoff frequency, however multimode:
d be considered. . L

mclusnon of material dispersion and loss

ating this. Further problems involve the
ltlphonon processes for higher frequengy,
T I“
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IV, SUMMARY L]
ussed a new approach to femtose\ond op-~

toeIectromcs which uses the excitonic response to electric
fields as a detector and the excitonic nonlinear response *

asa genemtor. We have investigated the

[ R

ertion of the dielectric funcuon is approx-~,
se, a full-wave analysis is desirable, and . Phys. Len.

’

our analysis to be preliminary, and rec:

~ FREQUENCY (THz) —»

3
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"Fig. 10. Power spectfa for the case of Fig. 9, silowing absorption from the \
phonons at 8 THz. The biried smplme eliminated modal dispersion;

stripline in GaAs

v

however, the phonon’absorptidn is severe. The overall loss is from con-
ductor losscs. (a) 0.2 um stmclure (b) 0.5 um structure, and (c¢) buried

regime: ultrathin stbstrates. As the substrates become
thinner; fundamental.loss and dispersion limits are ex-
tended. In the future, we hope to incorporate ultrafast’
~-electronic and optoelectronic devices into these GaAs

‘structures, and develop contactless and refléction-type ex- -

citonic electroabsorption probes for other purposes. In ad-
dition, devices wnh electric fields applied perpendicular
to the quantum well layers could be'used in microstrip or

other geometries. '

Note Added in Proof: We. find that the rise and decay
> of the signal showq in Fig. 4(a) depend strongly on elec-

tric ﬁeld suggesting that a field-induced carrier heating -
causes intervalley transfer (velocity overshoot). This will .

be published in W. H. Knox and S. M Goodnick, Appl

Also, we recently completed a full-wave analysis in-
cluding phonons for any substrate thickness. This will be
.. published in G. Hasnain, K. W. Goossen, and W.  H.

Knox Appl. Phys Lett.
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