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Picosecond sampling with fiber-illuminated ErAs:GaAs photoconductive
switches in a strong magnetic field and a cryogenic environment
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A sampling setup for a cryogenic environment has been developed using fiber-illuminated
photoconductive switches fabricated from a material composed of equidistant layers of
self-assembled ErAs nanoislands in a GaAs matrix. The setup includes dispersion compensation of
the fibers and exhibits a time resolution better than 2.2 ps, which is insensitive to temperature and
applied magnetic field and limited only by the properties of the coplanar waveguide circuitry. In
cryogenic photocurrent autocorrelation measurements on single switches, a resolution exceeding
850 fs could be achieved. @003 American Institute of Physic§DOI: 10.1063/1.1573367

The impetus for the experiments described here origi-The typical island diameter ranges from 1 to 2 nm and the
nates from the long term desire of performing ultrafast time-estimated density equals<710'? cm™ 2.5 This material pos-
resolved transport measurements on mesoscopic dévicesesses a number of intriguing advantages over for example
This goal imposes stringent simultaneous requireméits:  the most widely used photoconductor for sampling methods,
resolution well below 10 ps to cover the characteristic transitow-temperature-grown GaAsTG—GaAs.® The lifetime of
times and frequency scales of such devi¢gscompatibility ~ photogenerated carriers can be engineered in a straightfor-
with the ultracold environment of dilution fridges, required Ward fashion by changing the superlattice period, i.e., the
for device operationT<1K), as well as(iii) the applica- distance between adjacent ErAs islands layérghe trap
bility of a high B field, which represents an invaluable pa- density and the dark resistance are independently tunable by
rameter to influencén situ the density of states. These con- vVarying the island size and their density through an adjust-
ditions preclude all-electronic means and the use of coaxidhent of the growth temperature and the amount of ErAs
lines. We pursue an all-on-one-chip photoconduciR€) deposited. ErAs:GaAs is thermally stable up to 700 °C and
sampling solutio®# in which both the generation of the displa_ys excellent surface morphology despite the incorpo-
high frequency signals as well as their detection and downtated islands:® These are the prerequisites that should enable

conversion to quasi-dc signals proceeds in close proximity t§he integration with high-quality GaAs/AlGaAs heterostruc-

the device under test. Fiber optics in conjunction with a dis{Ures, because—in contrast to LTG-GaAs—the microstruc-

persion compensation scheme for the several meters Iorg')rej' carrier dynamics, and dark resistance are left unaffected
fibers, demanded by higB-low-T cryostats, yield a techni- during the subsequ_ent dopooltlon of these aodltlonql layers.
cal implementation that satisfies the earlier criteria. The ma- The PC §ampllng CIFCUIfFIg. 1a)] consists of((i) a

ture techniques to produce and chirp subpicosecond opticﬁfngle PC SW'tCh(PCS_ to excne__short e_lectrlcal pulses on
pulses are combined with the virtues of single mode fibers tohe coplanar waveguideCPW), (i) a twin PCS to detect

bring these pulses nearly undistorted into such cryostat%es'e pulses after propagation along the 1.5-mm-long main

while avoiding excessive thermal loading from for instanceb.PW‘ and(ltu) :r:ﬁ foléjcr:éz.;hmm long tpalras(;uc_tCIEVtVstLo
optical windows. The entire method also hinges on the avail:r:?: :)art'(cz)orpo?%es?)sco i ccl)?ngf)ﬁg]?? Hrgreen esr:e:'?r'ctco re
ability of suitable photoconductors that on the one hand sucregrat pic comp e w ct ou

. i - - . . selves to the characterization of a straight CPW section as
ceed in transducing efficiently incident optical pulses in elec-

trical pulses of comparable width despite the IGwand some device under test. The circuit is fabricated in a single
presence of high3 fields and on the other hand are compat-ﬁrrLOt%“tggEZ?QX Isat egr b¥AI£tlr(l:gP3\f/fs4085rslrensgf;\£r\:& dae 10
ible enough to allow monolithic integration with those mate- d yer. d by 6 P f h d
rials needed to fabricate mesoscopic components. center conductor, separated by A gaps from the groun

o lanes to achieve a characteristic impedance of}44rhe
The photoconductor chosen for our studies is made up

- . ) interdigitated PCSs are made up of five fingergu@ apart
equidistant layers of self-assembled ErAs islands, which ac nd 2.5 um wide. The pump switch has an area of 20

as fast cagr_igr [trapping  sites, inside a GaAs-matrix, 5o ;12 and an estimated capacitance of 4.7 FEQ(time

(ErA_s_:GaAs)._ It is grown by molecular beam epitaxy on a of 210 f9. Each of the probe switches covers an area of 15
semi-insulating GaA$100 suostrate. On top of a 100 nm 5 wm? corresponding to 4.0 f180 f9. In this twin

GaAs buffer layer, a superlattice of 40 periods of 1.2 MONOrobe-switch configuration, the undesirable lossy and disper-
layers of ErAs and 40 nm of GaAs is deposited at 530 °Cygjye even waveguide mode can be distinguished from the
odd mode as an imbalance between the top and bottom
dElectronic mail: j.smet@fkf.mpg.de signals®® Both the pump and probe PCSs were coupled to
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i) ! B e FIG. 2. Sampling measurements at 295 and 4.2 K with and without a mag-
chopper 1T netic field perpendicular to the sample surface. Curves are offset for clarity.
«—< ! leI 0 g }A The bias voltage of the pump switch is 10 V, the average incident light
& ! probe power on the pump and the probe switches is LES. The right panel
stepper fa annann displays the waveguide dimensions and the various propagation paths of the

electrical pulses on the CPW, which contribute to the reflection peaks la-
FIG. 1. (a) Schematic diagram of the coplanar waveguide circuit. The insetheled b—e. Peak f originates from combinations of paths e with b.
shows a scanning electron microscopy picture of the twin probe-swhigh.
Sketch of a fiber coupled sample in thide bath-cryostat(c) Optical setup
for the PC sampling experiments. identical time resolution was found when employing free
space optics. From photocurrent autocorrelation measure-

ments, a lifetime of 450 fs was extracted for the 40 nm
of 0.16 [Fig. 1(b)]. The fiber ends were cemented with an EFAS:GaAs digital composite used hérghese observations
UV-curing transparent adhesive roughly %6n above the I conjur_10t|on with S|m.ulat|_ons _of the pulse_generatlon,
sample surface, resulting in an illuminated spot diameter oP'OPagation and detection identify the capacitance of the
about 16um. Before curing, the fibers were aligned either by PCSS and the dispersion on the 1.5 mm long CPW as the
maximizing the dc photocurrent through the pump switch ofm&in I|m|t|pg factors for the time resolutlo'n. The secqndary
by balancing the currents through both probe switches. peaks in Fig. 2 labeled b—f can be unambiguously attributed,

PC sampling was performed by splitting a 120 fs pulsebased on their time of arrival at the probe switches, to reflec-
train from a mode-locked titanium—sapphire laser operatindions at interruptions and short circuited ends of the central
at 800 nm with a repetition rate of 76 MHz. The beams wergconductor or at the various geometrical discontinuities where
mechanically chopped at different frequencies and one offPedances do not perfectly match. Due to the symmetry of
them was delayed with respect to the other with a retrore'Eh,e circuit, multiple reflection paths of equal total length con-
flector mounted onto a stepper motor driven translatiorfiPute to peaks c—f. Th& dependence of the peak ampli-
stage. The pulse trains illuminated the pump and probé“de§ is likely caused pyasllght mechanlcql dlsplacement of
switches through the fibef&ig. 1(c)]. The fiber dispersion the fiber endfage during cooling due to differences in the
was precompensated with the help of a grating-dispersiof'€'mal éxpansion of the sample holder, the sample, the op-
compensator. For 8 m long fibers, a full width at half maxi- tical cement, and the fiber itself. This assertion is supported
mum (FWHM) of 220 fs for 4 mW pulses at the fiber output by the observation_of npnsystemati_c behavior of thg ampli-
(determined by second harmonic autocorrelatioauld be ~ tUde when comparing different cooling cycles. The field de-
achieved. Without compensation, pulse broadening is excef€ndence of the peak amplitudes is traced back to the posi-
sive and the pulse width is estimated at & pismay even be tive magnetoresistance of the ErAs:GaAs under illumination,
larger when considering self-phase modulation, likely to oc-2S lllustrated in Fig. @). Whereas the overall negative mag-
cur at the high peak powers. Both probe currents pasgetoresstance in the datilso showi has been successfully
through low noise transimpedance amplifiers, whose signals

8 m long single mode fibers with a numerical apert(M&)

were recorded as a function of the delay using sum- ST e
frequency lock-in detection. 0k ‘“‘ /
Figure 2 shows the results at 295 and 4.2 K with and . B e
without aB field perpendicular to the sample surface. The _ = AL
main signal peak labelea exhibits a FWHM of 2.2 ps irre- %20_ oo:a°° °°Dnu .
spective of temperature and magnetic field strength. Thee | °*°% s a.ce0e*ygy
B-field insensitivity is ascribed to the use of lifetime limited [T e T,
ErAs:GaAs PCSs and contrasts with the strong field depen- 1o} _ 2" = dark (x0.01)
dent behavior in transit-time limited switches based on stan- e tm
dard GaAs?® The excellent signal-to-noise ratio at these low 2 2y ) * e

power levels promises the successful implementation of the
experiment in cryostats, that offer temperatures in the 50 m

IG. 3. (a) Magnetoresistance of the pump switch in the dark and under a

. .. . 50 uW average illumination for different voltages at a temperature of 4.2
range but at the same time suffer from limited cooling powery () current—voltage characteristics of the pump switch under the same

of a few hundred microwatts only. At room temperature, anillumination conditions without magnetic field at 295 and 4.2 K.
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(@200 A N shaker and monitored with a sampling scope as a function of the
_ p> delay between both pulse trains. The latter is varied periodi-
< 2801 cally at a frequency of 16 HZFig. 4(c)]. Averaging over

- some hundred delay cycles overcomes the intensity noise of

zor ; . the laser system. The autocorrelation measurements in Fig.
= ;(%S') Tz 4(a) yield an upper limit for the electron lifetime of 850 fs.
Within the experimental accuracy df 70 fs, this value co-
() —|:| incides with the lifetime obtained with fiber coupled devices

=T
M

at room temperature. The discrepancy with the 450 fs found
with free space optics is likely accounted for by the smaller

= = illuminated spot size, i.e., tighter focusing, achieved with

FIG. 4. (a) Photocurrent autocorrelation measurements on a sample coupli€€ space optics. Due to the finite spot size, the distributed
to an optical fiber of 10 m length at a temperature of 4.2 K. The asymmetrycharacter of the signal generation may no longer be ignored.

is ascribed to a slight misorientation of the polarization direction of the light Thea gap in the CPW acts as a minislotline. Electrical tran-

with respect to the metallic edges of the CR¥¢e Ref. 8 The PCS was . e . .
biased with a voltage of 2.25 V and illuminated with an average power of 2Slents generated at the spot extremifies illustrated in Fig.

mW per beam(b) Sample geometry angt) optical setup for the autocor- 4(b)] propagate along this slotline and continue to contribute
relation measurements. to the autocorrelation signal until they reach the other end of
the spot. It artificially broadens the autocorrelation signal.

accounted for by fluctuation-controlled hopping of boundWe anticipate tha_t with an optimization of the butt Cogpllng,
aimed at producing a smaller, well-centered spot size, the

magnetic polarons between ErAs islaritishe origin of the time resolution will approach the limit reached with free

itive magnetoresistan nder illumination well i . ) .
positive magnetoresistance under illumination as well as tseoace optics. Already without it, the present setup offers

voltage dependence have not been entirely resolved. Nog. . . .
2T . . right prospects for ultrafast time-resolved transport investi-
that in this case conduction proceeds largely via photogener-

ated carriers in the GaAs matrix material itself. The orienta-gatlons at low temperatures and high magnetic fields.
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