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By placing a direct-gap monitor layéor collecto) in the p-cladding layer of red-emitting AlGalnP

laser diode structures, we have studied the transport of electrons through this layer by observation
of spontaneous emission. Pulsed optical excitation superimposed on cw electrical injection has been
used to determine the delay time between optical injection of carriers into the well and radiative
recombination from the monitor pit. Computer simulations using measured values of minority
carrier lifetime for the well and monitor layer show that the transit time for electrons through the
p-cladding layer correspond to an electron mobility of 16F/&hs. © 1999 American Institute of
Physics[S0003-695099)02238-X]

Red-emitting AlGalnP laser diodes suffer from ther- experiment we have been able to separate the effects of the
mally activated leakage of electrons from the active regiorcarrier lifetimes(which determine the rise time of the re-
through thep-cladding layer which increases the thresholdsponsé from the time delay due to carrier transport.
current and degrades the differential quantum efficiérfcy. The devices used in this investigation were typical
These effects are particularly pronounced in short wavevisible-emitting laser structures, grown by metalorganic
length devicegbelow about 640 nim The process is illus- chemical vapor deposition with the monitor structure shown
trated in Fig. 1, which shows the conduction band as a funcin Fig. 1 inserted between thecladding and contact layers.
tion of distance through thp-cladding layer and the active The lasers consist of an 80-A-wide, compressively strained
region of the device calculated by a self-consistentGasdnoe quantum well set in a region of
simulatior? (Fig. 1 is discussed in greater detail beowt  (Alg1:Ga g9osiNo.ad, together forming the 2000-A-wide
has been established that leakage of electrons occurs by diaveguide core, clad by am-thick layers of
fusion and drift through th&-conduction band minimurh®  (Alg;Ga o sinosP doped % 10'cm™ n type and 5
the importance of the drift contribution depending upon thex 10" cm™2 p type, respectively. The monitor structure con-
p-doping density of the cladding layer. One aspect of thissists of 5000 A of direct gap (AkGa 7)o.51iNo.d as a col-
carrier leakage process which has not received attention is it§ctor for electrons and barrier of 2000 A of
impact on the modulation response of laser diodes. The rdAlo7Ga dosiNosd, both doped to %107cm™ using
sponse of the light output to modulation of the terminal volt-zinc. Figure 1 illustrates how electrons leaking throughXhe
age is determined by the ability of the carrier density in theminima of thep-cladding thermalize to thé' band in the
well to respond to these voltage changes and one of the fagaonitor  layer to  recombine  radiatively. ~ The
tors which controls this is the leakage of electrons througHAl0.sG& .7)o.51N0.4d> Monitor layer is transparent to light
the cladding layer. Since this leakage occurs through th&om the rest of the structure and spontaneous emission from
X-conduction band minima, where the carrier mobility is it can be spectrally resolved from that occurring elsewhere in
low, this process is slow. In principle it is possible to simu-
late this process, however the response time is dependent 24
upon the value of the electron mobility jptype AlGalnP
which is not well known. This mobility controls the rate of 23
diffusion and drift. 29

We have addressed this question directly by a “time-of-
flight” experiment in which we perturbed the carrier popu-
lation in the quantum \_/veII of an electrically driven laser b_y s A e
means of a short optical pulse and observed the resulting Monitor layer
optical response of a direct-gap monitor layer placed be- 1.9 565nm Quantum W\Al
tween the cladding layer and contact layer to detect the leak- Well 670nm
ing electrons, as indicated in Fig. 1. We observe a time delay 0.1 0.6 11 16 2.9
between the optical excitation and the response of the moni- Distance through device / um

tor layer and by means of a rate equation analysis of the

FIG. 1. Calculated conduction band cross section througp ttadding and

core region of a typical monitor pit laser at threshold. The solid line repre-
¥Electronic mail: Bloodp@cf.ac.uk sents the direct band gap while the dotted line shows the indirect band gap.
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the device: the emission wavelengths for the quantum well, 105
barrier, and monitor layer are given in Fig. 1. We have es-
tablished that the introduction of the monitor layer does not _
affect the threshold characteristic of the device. From steady-‘g 0.95
state studies of these structures we have confirmed the pres
ence of a drift component to the leakage curfent.
Electron—hole pairs were generated in the quantum well
by optical excitation through a window in the top b®n-
wide contact of a stripe geometry laser diode using 20 psz
pulses at a repetition rate of 4.7 MHz and wavelength of 630 075
nm from a dye laser. This wavelength corresponds to exci-
tation at photon energy just below the band gap of the bar- 5 7 9 1 13 15 17
rier. Spontaneous emission from the optically active regions Time / ns
of the device was observed through the same contact _ _ _
window With optical ijection alone, no Spontaneous emis-[®, . 140 e oLht nessurenens t oom tenperars o e
sion was observed from the monitor region, which is as expit, by optical injection into the quantum well in conjunction with a 20 mA
pected under low-injection conditions when the electroncw background(lower tracé and at 50 mA cw backgroundupper track
quasi-Fermi level is far below th¥-band edge and there is refative to the pump pulsespike.
no electric field across the cladding layer. When a forward

bias was applied we observed a steady luminescence froRgion. To interpret the data to determine the contributions of
the optically active components of the structure, includingihese processes we performed a computer simulation of the
the monitor region, due to electrical injection and a SUperim'experiment, including the temporal response of the measure-
posed transient response synchronous with the optical injegnent system as indicated by the scattered pump signal. To
tion pulse. This paper is concerned with the transient emisprovide reliable input data we measured the carrier lifetimes
sion from the monitor layer and in particular with the time of j; the well and monitor layer in an unbiased device by a
flight of electrons through the cladding layer. standard time-resolved luminescence experiment. The values
For the temporal response experiments, the laser diodgptained were short compared to the low-injection radiative
was driven electrically cw in forward bias with pulsed opti- |ifetimes and were indicative of the nonradiative rates. The
cal excitation as described above. Spontaneous emissi@hort value for the monitor layef.5 ng was probably due
from the monitor layer was detected at the peak of its spec its relatively high Al content, while the nonradiative life-
trum at 585 nm and the time dependence determined by @me of the confined electrons in the wéll n§ was deter-
standard time-resolved photon-counting system triggered byhined in part by tunneling into the Al-containing barrier
the optical excitation pulse. Figure 2 shows the time depentyers where recombination occurs. Based on these data we
dence of the logarithm of the monitor layer emission at roomook a value of 0.25 ns for the nonradiative lifetime of elec-
temperature for electrical injection currents of 20 and 50 MAtrons in theX band of the cladding layer. We assumed that
and the signal due to pump light scattered from the surface ghe times for thermalization of the carrier distribution in the
the sample. This provides a time reference and an indicatiofell and for the capture and thermalization of electrons in
of the overall time response of the measurement systenthe monitor layer are shofof order 10 ps compared with
These data were corrected for the wavelength dependence gfe carrier lifetimes and the transit time. Nominal values

the transit time of electrons through the photomultiplier tubewere used for the layer compositions and theoping den-
which was determined experimentally for this system. Thesity was set to %107 cm™® as determined from

monitor layer emission comprises a steady background lumicapacitance—voltage profiling. The cladding layer thickness
nescence signal due to the continuous electrical injectionyas 1 um.
with the transient response to the pulsed optical injection into  |n the simulation, the carrier populations in the well and
the well superimposed on this. The traces in Fig. 2 are norbarrier/waveguide core had spatially uniform thermal energy
malized to the same peak signal level and, because the badfistributions and were coupled through standard processes of
ground level at 50 mA is greater than at 20 mA, the ampli-capture and thermal emissién. Following previous
tude of the transient signal as a proportion of the total sighaéxperiments,we regard the leakage as occurring through the
is reduced. The response of the monitor layer is delayegk conduction band minimum of thp-cladding layer. We
approximately 0.5 ns relative to the reference signal at botltherefore calculated the carrier population in the waveguide
injection levels. Repeated measurements from other devicesre at and above the energy of tkdvand edge. This popu-
prepared from the same wafer gave identical results for théation was used in the first element of a finite element treat-
transient response. ment of carrier flow through the cladding layer using the
The time delay between the optical injection of carriersstandard continuity equation with drift, diffusion, and
into the well and the resulting luminescence from the monitecombinatiorf. Numerical values for the parameters used
tor layer is due to some or all of three componeltisthe  are given in Table I. Once the model reached a steady state at
rise time of the carrier population in the well, determined bythe specified current, a Gaussian temporal pulse of minority
the pulse shape and the carrier lifetime in the w@i), the  carriers was added to the quantum well and the time evolu-
transit of electrons through the dm-thick p-cladding layer, tion of the carrier populations through the structure was com-
and(iii ) the rise time of the carrier popuiation in the monitor puted. Figure 3 shows the simulated scattered pump light,
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TABLE I. Material input parameters used in the monitor layer device simu-was varied from 5 to 25 cfV s.2 Only for a mobility below
lations. 10 cnf/V s did we find an effect, with the delay time becom-
ing shorter as the mobility was reduced due to the increase in

Symbol Definition Value Units o SELE

— . — = electric field as the hole conductivity is decreased. The hole
#e  Minority carrier mobility 160 cV's  mobility influences electron drift rate but not electron diffu-
Ko Hole mobility 10 cniiV's . Th | fixed at 10 &'s for th ind f
Tuqw  Nonradiative lifetime in quantum well B-9 s sion. . e V‘?‘ ue was rixed a S O!‘ € remainder o .
Towg  Nonradiative lifetime in waveguide 9 s the simulations. The electron mobility influences both drift
Toiaa  NoOnradiative lifetime inp cladding 02E-9 s and diffusion and was varied from 60 to 180 ¥ws. The
Teap  Capture lifetime intd” band of monitor layer E-12 s delay was strongly dependent on the electron mobility with
7mp  Radiative lifetime in monitor layer B9 s the delay time decreasing as the electron mobility was in-
Tamp  Nonradiative lifetime in monitor layer BH-9 S d. The ti f fliaht f d to ch 4
@ Mirror loss 26.75  cmt creased. The time of flight was found to ¢ angeH9.4 ns _
@ Internal scattering loss 10 crh over the range of electron mobility values tested. We find

that an electron mobility of 160 ¢tV s gave the measured
delay of 0.5 ns and therefore we conclude that this is the
galue of the electron mobility in this material. This value is

and the luminescent response of the monitor layer with some? X ) ) .
parametergprimarily carrier mobilitieg adjusted to match slightly higher yet comparable_wnh preV|.oust p_qbllghed
the experimental data. The experimental data with the back/alues of 100 ciffVs for the minority carrier mobility in
ground level removed are also plottétiin line), illustrating ~ Similar p-cladding compositions.The simulation does not

the excellent agreement obtained between simulated and eRredict an¥ measgrable chsnge n thﬁ delay time for the ;WO
perimental data. The rise time of the simulated carrier popuSUrrents of 20 and 50 mA because the transport occurs by a

lation in the well is of order 20 ps, determined by the width Mixture of drift and diffusion. o

of the exciting pulse since this is much shorter than the car- psmg a direct-gap monitor 'ayé‘?f collectoy, minority-

rier lifetime. The rise time at the monitor layer is determined“3"M€" [ransport through thp_rcladdmg layer of.AIGaInP

by the transport processes whereas the decay time is detd@ser d'Od?S _has been investigated by ob_servatlon of sponta-
mined primarily by the decay time of the driving carrier N€0US emission through a top-contact window. A combina-

population in the well because the well lifetime is Iongertion of pulsed optical excitation superimposed on cw electri-

than that in the monitor layer. We found that delay time wasc@! injection has been used to determine the delay time

independent of the monitor layer nonradiative lifetime for PtWeeN optical injection of carriers into the quantum well

values above 0.2 ns. The transit of electrons through th@nd radiative recombination from the monitor pit. The aver-

cladding layer makes the largest contribution to the delay. 29€ delay time was measured to be 0.5 ns fpr driv_e currents
We investigated the sensitivity of the delay time to theOf 20 and 50 mA. By means of a computer simulation using

values used for the hole and electron mobilities in themeasured values of minority carrier lifetime for the well and

p-cladding layer. Values for the hole mobility in the cladding Mnitor layer, we find that the transit time for electrons
layer material are not well known. The hole mobility in the through thep-cladding layer is the major contributor to the

cladding layer controls the field at a given drive current, anoobserved delay time and that the §irnulated delay is strqngly
dependent upon the electron mobility. An electron mobility

of 160 cnf/V s was required to match the time of flight mea-
12 sured experimentally.
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