Carrier dynamics and photodetection in charge injection transistors
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We study picosecond carrier transport dynamics induced by 200 fsulvbéptical pulses in charge
injection transistor structures. We propose and demonstrate a new optoelectronic method for
exploring the interactions of hot majority carriers and cold minority carriers, as well as the optical
control of real space transfer in these devices. The minority holes photogenerated in the channel
produce substantial cooling of the hot-electron majority carriers and lead to the reduction of the real
space transfer. The new method also provides a direct measure of the minority carrier lifetime in the
transistor channel. These effects are demonstrated in InGaAs-channel devices with both InAlAs and
InP barriers. The similarities in the device characteristics are explained in terms of the interaction of
photogenerated minority holes with majority electrons in the channel leading to a
photoconductor-like drain current and to a reduction in the real space transfer collector current. The
differences are attributed to the different conduction and valence band energy offsets between the
wide band gap barrier and the low band gap collector and channel layers. Furthermore, the
InAlAs-barrier device shows a capability of serving as a practical photodetector with the measured,
system-limited recovery speed of5 ps. © 1996 American Institute of Physics.
[S0021-897€06)08805-9

I. INTRODUCTION nority carriers. The method can be implemented with a
CHINT-type device since they operate on the principle of hot
_majority carrier RST. The optically generated cold minority

stance, charge injection transistdqSHINTSs) are based on Ica_rrlerﬁ_r(]:i wec;dy mtefrar(]:t W't.h the h.Ot majorltyﬂc arnzrbpop_u-
the RST of hot carriers and were originally proposed byat'on' e efiects of these Interactions are reflected by pico-

Kastalsky and Luryf. A novel transistor operating principle second transients in the device terminal currents which are
based on hot carrier effects makes the CHINT a useful dedirectly measured. The demonstrated combined optoelec-
vice for studying hot majority carrier dynamics. As devices, 'onic method is different from and complementary to the
they offer potential advantages over conventional field-effec@ll-OPtical techniques that have been used to measure the
transistors(FETS that include: microwave performance su- nergy relaxation of hot carrier plasi the relaxation of
perior to that of FETs as has been experimentallyhm minority carriers due to cold majority carriéfsand the
demonstrated? device symmetry producing output indepen- relaxation of hot carrier plasma in the presence of a cold
dent of input signal polarity and allowing for a direct XOR Plasma backgrountf.
gate implementation; a single device modified to have three ~Second, although the operation and carrier transport in
input terminals allowing for direct NOR and NAND gate CHINTSs has been investigated both theoretically and experi-
implementatiorf:~® light-emitting configurations are readily mentally with ~ conventional dc and  microwave
achievabl&with possible extensions to CHINT-based lasers;techniques’~*®2optoelectronic techniques provide an alter-
negative differential resistance over some operating regiongate picture and an understanding of the device’s optical
makes the device useful for oscillator applications; high outcharacteristics. Such advantages have already been demon-
put nonlinearity may make CHINTSs suitable for mixer appli- Strated with bipolar transistof$.The present work seeks to
cations. Thus, a gamut of properties makes CHINTs advarexplore the temporal characteristics of the photoinjected car-
tageous for multifunction optoelectronic integrated circuitsrier transport on picosecond time scales and to qualitatively
(OEICs.2 correlate these characteristics with device parameters. The
The aim of the present work is twofold. First, we pro- measurements also allow us to explore optical methods for
pose and demonstrate a new optoelectronic method for exontrolling the operation of CHINT-based OEIC circuits and
ploring the interactions of hot majority carriers and cold mi- photodetectors that would be compatible with other CHINT-

Real space transféRST) effects are finding increasing
applications in practical semiconductor devices. For in
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based polarization-rotation configuration operating at 1.55
um wavelength® Under typical operating conditions the la-
ser produced 200 fs pulses at a 33 MHz repetition rate and 2
mW average power. Part of the laser output was split off to a
6 GHz photodetector to provide a trigger signal for the sam-
pling scope. The overall electrical measurement system time
resolution was determined to be7 ps.

llI. RESULTS AND DISCUSSION

The CHINT operating principles and electrical character-
based analog, digital, and light-emitting components. ThdStics have been discussed extensively by offensl will not
potential benefits of CHINT-based OEICs include simplifiedP€ réiterated here. In the following discussion we concentrate
fabrication, a direct integrability leading to more efficient on pr0V|dLng a Iquallltatlve descrlptlonhof the Ph,ys'?a' pro-
circuits and improved performance and functionality incor-cesses taking place in CHINTSs after photoexcitation; a guan-

porating photodetection, amplification, and mixing within titati\(e analysis requires sophisticgted numerical modeling
the same active device. and is peyond the scope of this article. We have considered
alternative explanations for the observed photocurrents, but
only the ones offered below were found to be consistent for
both device types over all bias ranges and to be conforming
We study two types of collector-up CHINT devices— with dc measurements. In the following discussion all posi-
one with an InP and another with an InAlAs collector barrier, tive currents are considered to be flowiitgo the device
which have larger conduction band and larger valence bangrminals.
offsets, respectively. The device structure and fabricatiorA InP-barrier device
procedures were identical to the ones described by Belenky’
et al.”3 In brief, the InP(InAlAs)-barrier device layer struc- The InP-barrier CHINT was studied first since its con-
ture includes an InP substrate, a 300-nm-{i3 5:G&, 4AS) duction band offseAE.=0.25 eV is smaller than the valence
undoped buffer layer, a 10@0) nm Iny <Ga, ;/As channel band offsetAE, =0.34 e\*° and the collector current is elec-
n-type doped 510 cm3 a 150 (80) nm InP tron dominated. Considering collector metal to be a perfect
(INg.5Al o 46AS) undoped barrier, a 200) nm Iny ={Ga, ,As  reflector, the absorption coefficient of 618 cm™! in
collector layem-type doped 110'° (1-10'®) cm ™3, and a 30 Iy s{Ga, ,As at 1.55um?® and the Fresnel reflection at the
(50) nm Iny 54Ga, 4/As collector contact layen-type doped substrate surface, 8.4% of the incident optical power is ab-
5.10™ (1-10°% cm 3. The cross-sectional band diagrams for sorbed in the channel and 4.2% is absorbed in the collector,
both types of devices under a positive collector bias arereating electron-hole pairs with minimal excess energy. We
shown schematically in Fig. 1. estimate an optically generated density of electron-hole pairs
The measurement configuration is shown schematicallyn the channel to be-5-10' cm™3.
in Fig. 2. The device wafer was positioned on a microwave Figure 3a) shows the InP CHINT dc characteristics at a
probing station for simultaneous backside optical pulse excieonstant collector bias &f..=1.34 V. These curves indicate
tation and microwave transient measurements with 60 GHthat the device operates in a low-field regime up to a drain
probes connected to a 50 GHz Tektronix sampling scopebias of ~0.5 V. Increasing the drain bias further initiates the
The quiescent drain and collector biases were supplie®ST current flow from the channel into the collector.
through bias tees, and the sampling scope input presented a
50 Q impedance to the device under transient conditions.
The laser used for device optical excitation was an Er-fiber-

Il. EXPERIMENTAL CONFIGURATION
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(a) FIG. 5. Transient component of the collector currents for the InP-barrier

device withV s and V4 as parameters.

below 0.5 V, and the low-field hole mobility is-100
cm?/V -s?t giving a hole sweep out time of over 200 ps. So,
the relatively immobile photogenerated holes left in the
channel induce additional electrons to be injected from the
source and swept through to the drain contributing to the
long Al 4 tail. The tail persists until the photogenerated holes
y are eliminated from the channel via flow out the contact
0 0.2 0.4 0.6 0.8 1 and/or recombination.

Drain and collector currents o1y (mA)
w
T

Heating bias, V, (V) The long recovery time ofAl, tail stays constant at
() ~300 ps, and is completely independent of the drain bias

fG. 3 R . tre de characteristics of CHINTS at ot I(see Fig. 4. Since the recovery time is independent of bias,
e B e b s etor . **even under lowielc-mobilty dominated conditons, the re-
V=353 V. covery time is not determined by the hole sweep-out time.
The bias independence may be explained by the large elec-
tron flux flowing from the source to the drain colliding with
all of the transient-change currents to improve the clarity ofholes and thereby reducing the apparent hole mobility. The
the plots, but that actual baseline dc currents are determinggcovery time of the tail is then controlled by hole recombi-
by the quiescent bias conditions. nation only, which is independent of the applied bias. A de-
Figure 4 shows the time response of the drain currentinitive resolution of this question requires a detailed numeri-
Al 4 with the drain bias voltag¥ 4, as the parameter for the cal analysis.
InP-barrier device. Thal 4 response was found to be nearly In contrast to the drain curret 4, the collector current
independent of the collector bias, and it shows that the chanAl, depends on both the drain and the collector biases. The
nel essentially functions as a photoconductor with gain. Thdias dependence of the transient responses can be classified
peakAl 4 current amplitude increases linearly with increasingby three distinct regions, which also correspond to distinct dc
V4, at biases up to 0.5 V and increases superlinearly thereaperating regimes. Figure 5 shows curréit in three re-
after. The electrons photogenerated in the channel are rapidgjions, (i) low Vg, (ii) intermediateV, (iii) high V.
swept out of the drain contact contributing to a short positive  In the low Vg region (0.6 V), there is no electron dc
Al 4 pulse. The channel electric field is below 5 kV/cmvat, ~ RST current at any/ 4 since the effective collector barrier is
increased by the appliedy near the drain where the elec-
trons are hottest! At low Vg, the dc collector current is
V. W) dominated by electron leakage from the channel into the col-
lector [see Fig. 8], and is well described by a-500 ()
resistor. The increased electron density in the channel due to
photogeneration increases this component which appears as a
positive Al ; current. The recovery time of this process is
controlled by the recovery of excess carriers in the channel

Transient drain current, Al d (mA)

01F and is similar to the long time constant tail of thé¢, tran-
sients(see Fig. 4. As V4 increases, the effective collector
barrier increases along a larger proportion of the channel,
0.01 . ' - : thereby reducing the leakage current, and the transiént
0 100 200 300 400 500

current amplitude decreases. The remaining small pulse-type
collector response aty;=1.3 V may be related to a residual

FIG. 4. Transient component of the drain currents for the InP-barrier devic&iiSpIacement'typécapad_tivé current component due to the
at V=0 V with V4, as parameter. large drain current transients.

Time (ps)
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In the intermediat®/ . region(1 V), the electron leakage

from the channel into the collector is substantially increased
(larger Al . responsgdue to a reduced effective barrier all
along the channel, as compared to the Mw case. Then, as
Vs increases, the leakage redudssnaller Al responsg
due to an increasing barrier along a larger portion of the
channel. AsVy, increases further to 1.3 V, the RST current
component begins to appear in the dc characteristics. The
collector current photoresponse characteristics undergo a
dramatic transition, exhibited as a significant decrease in the 0 T00 200 300 200 500
currentAl .. The initial small peak inl is again attributed Time (ps)
to the displacement-type current as for the My, high Vs FIG. 6. '_rransient component of the drain currents for the InAlAs-barrier
case. In this bias region, the dc collector current is dominatefec® WithVes andVis as parameters.
by the RST of electrons from the channel into the collector.
The presence of photogenerated carriers leads to aSUbStan?ﬁ‘é device channel. As for practical photodetector applica-
decre.,-as.e in this current in spitg ofa sqmewhat Iarggr eIeCtrOfﬂons, the presence of long-lived holes decreases the device
denS|ty_ in the channel. V_Ve_attnbute this RST—r_educ_'uo_n eﬁecbhotoresponse bandwidth quite substantially. To improve the
to cooling of the hot majority electron population via inelas-

. lisi ith cold minority hole€2 Th . photodetection bandwidth, the holes will need to be elimi-
tic collisions with cold minority holes” The recovery time | .4 rapidly from the device.

of this component is governed by the life time of excess

holes in the channel and is observed to conform to other time
constants. B. InAlAs-barrier device

This explanation is consistent with the relative hot-  one possible rapid hole elimination venue would be a
electron scattering rate contributions due to the ionized docH|NT with a valence band barrier offSAE. much smaller
nor impurities and cold hol€S:** The scattering rates due to than the conduction band offsetE, . Cof’jnveniently, this
the two mechanisms are similar, despite an order of magniyrms out to be the case for the InAlAs-barrier devices with
tude lower hole density. Also, thedasticscattering from ion- AE,=0.2 eV andAE,=0.5 eV*® The barrier for majority
ized impurities leads to negligible electron energy losscarriers(electron$ is much higher in this device than in the
whereas thénelasticscattering due to holes leads directly to |np-barrier one. This leads to an additional advantage of a
hot-electron cooling. negligible electron leakage current in the dc characteristics

Another possible explanation for the large transient deand to the device ability to support much higher collector
crease in the RST current may be related to a transient dfbiasesvcs. Calculating as for the InP device, 24% of the
crease in the drain biag,s (and therefore reduced electron incident optical power is absorbed in the buffer and channel
heating caused by the increased curréxiy; through the 50  and 6% is absorbed in the collector. We estimate an optically
() terminating resistance. This explanatiomi validin the  generated density of electron-hole pairs in the channel to be
regions of highV4,, where the transistor characteristics are~2.10' ¢cm™3,
saturated and the variation in the drain bias has little effect  Figure 3b) shows the InAlAs CHINT dc characteristics
on the current. However, a very strong transient RST currerdt a constant collector bias of.c=3.53 V. These curves
suppression is observed even under saturated conditions. indicate that the device operates in a low-field regime up to a

In the highV 4 region(1.3 V), the electron leakage com- drain bias of—0.6 V. Increasing the drain bias further ini-
ponent apparent at loWy is larger than that for the inter- tiates RST current flow from the channel into the collector.
mediateV ¢ case, which again is consistent with the reduced  Similar to the InP-barrier device, the InAlAs-barrier de-
barrier. Yet, the most substantial effect is a larger reductiovice transient characteristics depend on biases and can be
of the RST current by the excess holes left in the channeklassified by three regions. The operating regions are conve-
producing a substantial decrease in collector curtdptat  niently defined as
high _Vds- A_s for the intermt_adiat(%/CS case, the RST reduc- 0 no RST(ow V., all Vo),
tion is attributed to a cooling of the majority hot-electron ;.. o . ¢S . .

i o ) C . Lo (i)  initial RST (intermediateV ., high Vs, and

population via inelastic collisions with cold minority holes. ... : .

The recovery time constant is consistent with the hole Iife—("') pronounced RSThigh Vs, high Vas).
time in the device channel. Yet, in contrast to the InP case, not only is the collector
The above measurements provide a picture of carriecurrentAl . dependent on biases, but the drain curr&hf
transport in CHINT transistors, with information on the mag- shows dramatically different behavior as well. It should also
nitudes and time constants of the various picosecond trarbe noted that the RST-dominated cases correspond to much
sients. One of the very important conclusions to arise formhigher V¢ voltages than for the InP device due to a larger

these measurements is that the CHINT structure provides @onduction band barrier.

good medium for investigating majority hot-electron cooling In the lowV, case(0.5 V) the drain currenl 4, shown

via interaction with minority cold holes. A possibility of op- in the top set of curves in Fig. 6, is qualitatively similar to
tically controlled RST is demonstrated. The measurementthe one observed for the InP device. It is well described by a
also provide information on the minority carrier lifetime in photoconductor-like response with a rapid electron sweep

Al (2 mA/div)

Transient drain current
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