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Theoretical and experimental studies on photocurrent zue presented in pi-n 
GaAs/Ab,SG%,rAs MQW modulators and detectors. Field dependent excitonic 
spectra is calculated to obtain carrier generation and recombination rates using 
full band mixing effects in the valence band. A tunneling formalism is used to 
self consistently study the electric field dependence of the electron and hole col- 
lection efficiency. At low electric fields and low temperatures the carrier collection 
efficiency is very poor and we show that the collected photocurrent has a sub- 
linear dependence on the impingii lit intensity. This non-linearity is not due 
to band filling or exciton screening effects normally observed, but arises from the 
high recombination rates compared to tunneling rates. At higher electric field the 
collection efficiency is - 100% resulting in a linear response and a negative dif- 
ferential resistance region. Consequences of our studies on intrinsic device speeds 
are discussed for pi(MQW)-n modulators based on Stark effect. 

1. Introduction 

The quantum confined Stark effect (QCSE) (l-41 
can be exploited for optical modulators as well as for 
opto-electronic devices which rely on the negative re- 
sistance in the photocurrent voltage relation. The neg- 
ative resistance arises in a pi(MQW)-n structure be- 
cause of the shift of the heavy hole excitonic peak and 
the dip in absorption coefficient between the heavy hole 
(HH) and light hole (LH) excitonic peaks. 

Both modulation devices as well as photocurrent 
based switching devices depend critically upon the pho 
tocurrent. The modulation device’s intrinsic speed is 
dependent upon how fast the e-h pairs created by ab- 
sorption can be removed from the MQW region. The 
photocurrent in the pi-(MQW)-n structure involves: 
i) carrier generation by light absorption, ii) carrier m- 
combination leading to luminescence and iii) carrier 
collection via tunneling or thermionic emission and drift. 
To understand the photocurrent we have developed a 
self-consistent formalism to address the three processes 
described above. We have also carried out detailed ex- 
perimental studies to study the temperature and bias 
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dependence of the photocurrent in GaAs/AlGaAa MQW 
structures. 

In the next section, our theoretical formalii is out- 
lined along with key results. In Sec. III, the experimen- 
tal results are presented. We conclude in Sec. IV. 

2. Theoretical Considerations 

Several important aspects are involved in the pho 
tocurrent phenomenon. These are: i) optical absorp- 
tion (excitonic and/or band to band) in the quantum 
wells in the presence of electric field, ii) radiative K 
combination of electron-hole pairs through excitonic or 
band to band states - this is responsible for photolu- 
minescence; iii) non-radiative recombination of the e-h 
pairs; and iv) tunnelii/emission of the electrons and 
holes resulting in photocurrent. It is important to un- 
derstand all these phenomena as a function of optical 
intensity, temperature, electric field and the nature of 
the quantum well (square, asymmetric etc). We will 
sasume low input optical power so that only linear 
optical absorption region is considered, but in thii 
regime all the phenomena described above nti not 
be linear. Due to space limitations, the details of our 
formalism will be presented elsewhere. 

A number of groups have calculated the field depen- 
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dent excitonic and band to band absorption spectra for 
the quantum well structures 1881. 

Once the optical absorption is calculated, it is straight- 
forward to calculate the radiative recombination rates 
for the e-h pairs. It is assumed that there is no stimu- 
lated emission taking place since the photon intensity 
is quite low. The recombination rate is given by 

where f,(E.) and fh(Ek) are the Fermi-Dirac distribu- 
tion functions for elections and holes, and D(E) is a 
joint density of states of the electrons and holes, 7,~ is 
the electron and hole recombination time. Thii recom- 
bination time r& can be calculated from the absorption 
coefficient 

a(E)‘%dE) 1 _ 
r,h(E) D(E) 

where D,,h is the density of photon states, v velocity of 
light, and a(E) the absorption coefficient. 

The final ingredient in calculating the photocurrent 
is the tunneling (both quantum mechanical and phonon 
assisted i.e. below and above the barrier) of the elec- 
trons and holes. A formalism for the tunneling process 
is described in reference 9. 

Focussing on the carrier density in the i’” single 
quantum well one can assume the carrier density is de- 
pendent on i) the generation rates (G,, Gb), ii) recom- 
bination rates (U,, U,) and iii) average tunneling-out 
rates (T#, ?‘k) of electrons and holes in the quantum 
well. The rate equations which describe the carrier 
density can be written as: 

an=._,q 
at e * e 
ap,G _u _g+ 
at h h h 

For the pi-n structure considered, the generation 
rates and recombination rates must be the same PI+ 
spectively (G, = Gh, U. = II,) for the steady state, 
and therefore T, should be equal to 4. The gener- 
ation rates of electron and hole can be described by 
L+(E)L, where L,,, is the photon flux density, o(E) is 
the absorption coefficient at the energy E, and L is the 
well width. The average tunneling-out term can be cal- 
culated from the difference of the tunneling-in rate and 
tunneling-out rate. The sequential tunneling through 
a finite number quantum well is neglected because in 
MQW structures thii effect is very small compared to 
that of single barrier tunneling. These average tunnel- 
ing rates are then given by 

(5) 

Th = I Et; Th(E)fh(E,d)gh(E)dE (6) 
0 

where 4., c%h are quasi Fermi level for electrons and 
holes respectively, and gI (E), gA (E) is the two dimen- 
sional electron and hole density of states. 

A lower limit for the tunneling of the electrons is 
introduced since the probability of tunneling through 
more than one barrier is extremely small. The upper 
limit for the tunneling (thermionic emission process) is 
introduced since beyond this limit the electrons can be 
emitted equally towards the i-l and i+l wells. As can 
be expected the dominant contribution to the current 
comes from carriers very close to the barrier heights. 
For our calculations, the tunneling rates are obtained 
by the WKB method. 

As seen from the rate equations, electron tunneling 
current should be the same as hole tunnkling current. 
Thus the calculations have to be done self consistently 
to reach this balance and thus the steady state prop 
erties. The transit time is found to be much smaller 
than tunneling out time in 1~ 2 pm MQW structures, 
and thus the transport to the pi-n diode electrodes is 
primarily determined by tunneling mechanism of elec- 
trons and holes. Neglecting the current components 
which are from n+ p+ depletion region absorption and 
minority carrier diffusion from bulk to depletion region, 
one can write the photocurrent as approximately 

J = 2NFe 

where N is the number of quantum wells. 
(7) 

By solving the rate equations with respect to quasi- 
Fermi levels &, #b self-consistently we obtain the var- 
ious optoelectronic properties of the structure. 

Before presenting our calculated results for the pho 
tocurrent spectra, steady state carrier densities, recom- 
bination rates etc. we physically examine two extreme 
limits. On one extreme we have a situation where the 
applied field (external field and built in field) is very 
small so that the tunneling out rates are very close to 
zero. In this case the recombination processes domi- 
nate and we have the relation 

GocI,~Ucx n.p (8) 

i.e. the steady state electron and hole densities are pro 
portional to I$. Since the tunneling current is pro 
portional to the carrier densities we expect that in thii 
regime 

Obviously, in thii region the quantum efficiency 
would be very small. Notice that thii non-linear be 
havior has nothing to do with the usual non-linear op 
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tical absorption effects related to high intensity (1 1 
KW/cmr), but is simply due to the carrier densities bc+ 
ing dominated by recombination processes leading to a 
non-linear current response. 

P I 0.001 (W/cm"2) 

On the other extreme we have the situation where 
the field is very high so that the tunneling out pm 
cesses are very fast so that essentially all the generated 
carriers are collected and recombination proceases are 
not significant. In this regime 

Gal,, z ?+, (10) 

and we expect a hear response with essentially 100% 
quantum efficiency. It is important to establish quan- 
titatively in which range of parameters one expects the 
non-linear response since this may be of importance in 
optically addressed modulators. 
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Figure 1 
Effect of optical intensity on photocurrent at room 
temperature and 77 K. 

In Fig. 1, we show the calculated intensity depen- 
dence of photocurrent vs. electric field results at room 
temperature and 77 K for a pi-n diode with area 3 
x 10~%m* with 50 periods of 100 A well and bar- 
rier. The input optical power is 0.001 watt/cm2 and 
the input frequency is chosen to maximize the negative 
resistance region of the I-V characteristics. This in- 
volves chasing the photon energy allltly smaller than 
the zero bias HH exciton energy. For the results re- 
ported, the lacer energy was chosen to be 1.460 eV and 
1.544 eV at room temperatures and 77 K. 

Several important observations can be made from 
the results of Fig. 1. At low temperatures we note 
that even at fairly high bias values the photocurrent 
is extremely small. Here the e-h pairs that are cre- 
ated by absorption recombine emitting photons and 
do not lead to any significant current. The quantum 
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Figure 2 
a) Radiative recombination rates at different tem- 
peratures in a 1 pm thich GaAs/AlGaAs (100 A 
well and barrier) MQW structure; b) Average re- 
combination time at 298 K and 77 K as a function 
of electric field. 

efficiency is rather poor and the steady state proper- 
ties of the p-i(MQ W)-n structure are controlled by the 
recombination processes. In this region we expect the 
photocurrent to have the non-linear dependence upon 
the optical power as discussed above. At room tem- 
perature, this region is not present since even at small 
applied biases, the e-h pairs can be controlled quite ef- 
ficiently. At low temperatures once the applied bias is 
high, the tunneling out terms dominate and one gets a 
situation where all the e-h pairs are collected. 

In Fig. 2(a) we examine the field dependence of 
the recombination rates at various temperatures. Note 
that even though the input power level is hod, the gen- 
eration rate is not fixed since the absorption spectra is 
field dependent. 

At low temperatures and low fields we see that the 
recombination rate is essentially the same as the gener- 
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ation rate. The slight increase with field seen is due to 
the above mentioned increase in generation rate. When 
the field is increased, the recombination rate drops by 
nearly seven orders of magnitude and in this regime all 
the e-h pairs generated lead to photocurrent. At room 
temperature, the recombination rates are N seven or- 
ders of magnitude smaller at low field when compared 
to the low temperature case showing the dominance of 
the tunneling out rates. 

In Fig. 2(b) we show the average e-h recombina- 
tion time as a function of applied field. As the field 
is increased, the time increases, ss expected, because 
of the eeparation of the e-h wave functions. The larger 
recombination time at higher temperature is due to the 
spread in the Fermi function and the consequent reduc- 
tion in the probability of an electron to find a hole. 

Thus, by examing the optical power dependence of 
the photocurrent, it is possible to predict the speed of 
the device. In the strictly linear dependence region, 
the tunneling out time is N 1 ps and since the tran- 
sit time is u 10 ps, the device can operate very fast. 
However, when the response is sublinear, the recombi- 
nation terms dominate and the response is N 0.5 - 1.0 
ns as expected from Fig. 3(b). 
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Figure 3 
Measured photocurrent as a function of voltage 
at various optical intensity levels at 300 K. 

3. Experimental Results 

P-i-n photodiodes for our experiments were grown 
by molecular beam epitaxy (MBE). The i-region con- 
sists of 100 periods of multiquantum well consisting of 
alternate layers of 100 A GaAs and 100 A Alc.sGacrAs. 
500-pm diameter mesa diodes are defined by photolithog- 
raphy and appropriate ohmic contacts are formed on 
the p- and n-sides by evaporation and annealing. The 
photocurrent for different values of reverse bias, excita- 
tion wavelength, excitation intensity and temperature 
wss measured with a tunable dye laser, liquid He cryo- 
stat and a HP 4145 parameter analyzer. 

In Fig. 3 we show typical photocurrent-voltage data 
at room temperature. The wavelength chosen allows us 
to obtain strong negative resistance. Also shown are 
the intensity dependence of the photocurrent. We find 
that at room temperature, the photocurrent has a lin- 
ear dependence on optical intensity. As discussed in the 
previous section this implies that tunneling and emis- 
sion components dominate over recombination processes 
at this temperature. In Fig. 4 show the photocurrent 
versus optical intensity results for various bias condi- 
tions at 14 K. This figure is displayed to bring out the 
non-linear behavior of the photocurrent more clearly. 
As can be seen from this figure, at low fields, the pho 
tocurrent is strongly sublinear (I,,hac;‘s). At the high- 
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Figure 4 
Intensity dependence of photocurrent at different 
applied bias values at 14 K. 
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est field considered, (E N 86 kV/cm), the photocurrent 
shows an essential linear dependence. These features 
are understood on the basis of the results of Sec. II. 

Once again we note that the simple experiment ob- 
serving the intensity dependence of the photocurrent 
tells us that if the response is perfectly linear, the re- 
combination process is not controlling the removal of 
the e-h pairs and the device speeds are not limited by 
the recombination times as is often believed for these 
structures. 

4. Conclusions 

In thii paper we have theoretically and experimen- 
tally examined the photocurrent and generation/ 
recombination processes in MQW StNCtUES. Photocur- 
rent is important for use of these structures M modula- 
tors (e.g. the modulation speed depends upon the speed 
at which carriers can be extracted from the MQW 
structure), negative resistance based optical switches 
and detectors. Our study shows a number of interest- 
ing features. At low electric fields and low temper* 
tures, the carrier extraction efficiency is very poor so 
that most carriers recombine providing efficient lumi- 
nescence. Since the recombination time is slow (- 0.5 
ns), modulators operating in thii regime will be limited 
by this time. Non-linear response is also expected in 
thii regime. On the other hand, at hi temperatures 
and/or hi electric fields, the tunneling efficiency im- 
proves and the intrinsic device speed will be liiited 
by transit time effects as in bulk pi-n detectors. We 
have also discussed the optical power dependence of 
the photocurrent and the carrier density for both elec- 
trons and holes. The non-linear regime discussed by 
us here could be of importance for certain optically 
addressed devices, although as discussed, the response 
time in this regime is slow (nanosecond range). We 
note that our results agree well with our experimental 
data on photocurrent behavior and other reported data 
on absorption, recombination times and photocurrent, 

45 

giving us confidence in the formaliim and the approx- 
imations made. 
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