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Ultrafast Transport Dynamics of p-i-n
Photodetectors Under High-Power lllumination
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Abstract—We studied ultrafast transport dynamics of high- transport dynamics by exciting the carriers in the absorp-
speed p-i-n photodetectors under high illumination using an tion layer while probing the electrooptical property changes

ele_ctrooptic_ sampling technique. Under high_ illumination, satu- induced by the external current flow [2], [12], which is
ration nonlinearities were found to be dominated by a space- ’ '

charge-screening effect. A transient forward external current direcFIy related to the charge motion i.n the depletion Iaygr.
was also observed, which was attributed to an underdamped In this letter, we present a study of high power characteris-
plasma oscillation. The external bias required to compensate these tics of long-wavelength ultrawide-band surface-normal p-i-n

nonlinear effects increased with increased illumination. photodetectors using an EO sampling technique.
Index Terms—InGaAs, p-i-n photodetector, transport, ultra- We have fabricated 120-GHz bandwidth back-illuminated
fast. InGaAs—InP p-i-n photodetectors which reduced the RC time

constant of the diode by an undercut geometry and mini-

HE DEVELOPMENT of high-speed and high-sensitivit)}'ﬂizeo| thc? palrgtsi';i_% ce}paf:ita_mcebby u;inglan air;]l?rilt(jged metal
photodetectors operating at 1.3-1/&% wavelengths is wg(\)/egw e'[h ] d'e mtrmsu; a sorp_;[_lr(])n g\yer t |c_ness| was
fundamental for new high-bit-rate long-wavelength optica?i nm with a diameter of 2:m. The detector impulse

communication systems. Surface normal p-i-n photodetect&“ﬁrrent response was mea_sured by EO sampling using the InP
have demonstrated bandwidth in excess of 100 GHz [1], [ ubstrate as an electrooptic modulator. The InP substrate was

In general, the thickness of the absorbing layer in a surfaddinned down to a thickness of 190n before measurements.

normal p-i-n photodiode has to be reduced for ultrahigh-spefd 100-MHz Ti-sapphire laser delivering 200-fs pulses at
response at the expense of detection efficiency. FurthermdteWavelength of 0.98um was used as the measurement

the device active area has to be reduced in order to red§Mrce- The excitation and EO probe beams were focused
the photodiodeRC time constant [1], [2]. A small active through the back side of the wafer. Th(=T d_ev_|ce was contacted
area diameter results in higher carrier concentrations for®4 microwave probes of 50- characteristic impedance and
given power level. Implementation of optical preamplifier oPiaseéd through a 40-GHz external bias tee. . _
heterodyne detection in communication systems significantlyFi9- 1 shows the measured bias-dependent EO signals with
increases the optical power incident on photodetectors [3fC Photogenerated charge in the absorbing intrinsic region
These new developments stimulate great interest [4][6] in tAE" €Xcitation pulse, corresponding to an initial generated
study of high field and high illumination transport nonlinearitfatier density of 1.5¢ 10"/cm®. At —1-V reverse bias, the
in ultrawide-band long-wavelength photodetectors on 100-fé€asured response had a pulsewidth of 3.3-ps full-width at
to 10-ps time scale. half-maximum (FWHM) and a significant tail. The integrated
Heterodyne techniques have been used to characterize $i2l was weaker than the signal at higher reverse bias,
magnitude of the nonlinear frequency response of p-i-n phipdicating a p-i-n junction that was not fully depleted. A2-
todetectors under high illumination [6]. Pump-probe absor-Pias, the response reached a minimum pulsewidth of 2.7 ps
tion and electroabsorption (EA) measurements [7]-[11] haf&VHM. The signal magnitude was totally recovered, indicat-
also been performed to investigate the carrier dynamics unéfeg & fully depleted p-i-n junction. The broader pulsewidth and
high field. On the other hand, electrooptical (EO) samplinge slow tail at—1-V bias was attributed to carrier trapping
provides a unique time-domain technique to investigate tR& heterojunctions and a large junction capacitance due to a
" "t received June 19. 1997 revised Auqust 13. 1997, This w not-fully depleted intrinsic _regiqn [2]. For'reverse bias higher
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Fig. 1. Bias dependent responses with 13-fC photogenerated carriers inftie 2. Bias dependent responses with 29-fC photogenerated carriers in the
intrinsic region. Data are vertically displaced for clarity. intrinsic region. Data are vertically displaced for clarity.

Fig. 2 shows the measured bias dependent responses under
higher illumination. The photogenerated charge induced by
each excitation pulse was 29 fC, corresponding to a generated 0
carrier density of 3.2 10'7/cm?. While the impulse responses
at reverse bias higher than3 V showed similar behaviors to
the corresponding responses in Fig. 1, the impulse responses
at lower bias showed dramatically different behaviors. With
a bias of—1 V, the observed signal first went positive, then
became negative within 1 ps. This negative transient current
was recovered in 5 ps. After 5 ps, the current was back to
positive with a relatively long decay time. When we increased
the bias to-2 V, this negative-transient behavior disappeared.
Instead, a saturated slow response with a pulsewidth of 4.9
ps was observed. Similar slow responses were previously
observed in GaAs based traveling wave and surface normal
p-i-n photodetectors under high illumination [14]. This slow
response was recovered to a pulsewidth of 3.4 ps when we 45
increased the reverse bias +8 V.

We found that the bias required to compensate the observed
negative transients and the slow saturated positive responses
increased monotonously with increased excitation intensiti¢®. 3. Bias dependent responses with 68 fC photogenerated carriers in the
Fig. 3 shows the measured bias dependent response under EV&ic region. Data are vertically displaced for clarity.
higher illumination. The photogenerated charge induced by
each excitation pulse was 68 fC, corresponding to a generatedhe monotonous correspondence between the generated
carrier density of 7.6x 10'“/cm®. The negative transient carrier density and the required external compensation field
was observed with reverse-bias voltages lower thahV. suggested that the observed behavior might be induced by the
With increased bias, the amplitude of the positive componertllapse of the electric field due to space charge screening
increased while the response at long delay time decayed fasédfiects. This agreed with the previous heterodyne experiments
The width of the negative transient showed weak dependerafea p-i-n photodetector [6] and previous absorption studies
on the bias voltage. It was interesting to notice that the turaf a horizontal MQW p-i-n photoconductive gap [8] and a
on delay for the negative transient increased from less thpsi-n saturable absorber [10], which showed the collapse of
1 ps to ~1 ps with increased bias. With-5 V bias, the the electric field on the time scale of a picosecond or less than
negative transient disappeared and the EO signal showed dh@cosecond under high field and high illumination with a two-
slow saturated positive response with a FWHM of 7.2 ps. dimensional (2-D) carrier density on the order of:4/0m?.
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Our data are consistent with the following simple scenariand broadened impulse responses. A transient negative current
When electrons and holes generated in the intrinsic regiaras also observed. The reverse bias required to compensate
drifted in opposite directions, they generated a space chathe space charge effects increased with increased illumination.
field to screen the built-in and biased electric fields. Under
low illumination, the generated maximum screening field was
much smaller than the biased and build-in fields and this
effect can be neglected. When the illumination was increased,The authors would like the acknowledge the technical
the induced space-charge-field was also increased until it va#Ports by B. I. Miller, R. J. Capik, K. S. Giboney, and
comparable to the built-in and bias dc electric field, which- Reynolds and stimulating s_,C|ent|f|c discussions with M. J.
screened the biased electrical field and saturated the devi@dwell, E. Hu, and M. H. Pilkuhn.

Under a screened electric field, carriers traveled at a slower
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