Time-resolved photoluminescence microscopy of GalnAs/GalnAsP
guantum wells intermixed using a pulsed laser technique
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High spatial resolution time-resolved photoluminescence has been used to study GalnAs/GalnAsP
quantum-well structures selectively intermixed using the pulsed photoabsorption-induced
disordering technique. Photoluminescence decay measurements at waveteddgdham were
obtained using novel high-efficiency photon-counting detectors and were found to correlate spatially
with the observed luminescence blue shift in these structures. Results indicate a reduction in the
nonradiative recombination time of nearly two orders of magnitude as a result of this intermixing
techniqgue. ©1996 American Institute of Physid$$0021-8976)06312-§

In recent years the selective intermixing of IlI-V strument is shown in Fig. 1. The laser excitation is directed
guantum-well(QW) structures has been achieved by tech-onto the sample and the PL routed to the detector by polar-
niques including impurity-induced disordering, impurity-free ization optics inserted in the microscope column.
vacancy disordering and laser-induced disordetiAgtech- The TRPL measurements were made using the time-
nique particularly suited to the GalnAs/GalnAsP quantum-correlated single-photon counting technig(eCSPQ.” As
well system is photoabsorption-induced disorderiRé\ID), shown in Fig. 1, a fraction of the laser output is detected by
which uses the differential absorption of incident cw radia-a silicon avalanche photodiode operated in the analog mode
tion within the structure to cause intermixiAglhe lateral  and this provides the start signal for a time-to-amplitude con-
spatial selectivity of the technique is determined by shortverter (TAC). The TAC produces an output pulse with an
range thermal diffusion from the absorbing regions.amplitude proportional to the time interval between the start
Spatially-resolved steady-state photoluminescen@l)  and stop inputs. This is then digitized by an analog-to-digital
spectroscopy measurements of selectively intermixedonverter (ADC) and stored in a multichannel analyzer
samples indicate a lateral interface abruptness0um2®  (MCA).

More recently, the use of high-power pulsed lasers for  The photon-counting detector was a commercially avail-
sample disordering by localized transient heating within theable small ared~30 um diametey germanium avalanche
crystal has been reportédisruption of the lattice due to photodiode(GPD, GAV30 cooled to 77 K and biased 0.6 V
rapid thermal expansion is thought to lead to an increase iabove breakdown to enable a single photon to generate a
the point defect density. These point defects subsequentigrge avalanche response. These Ge detectors have only re-
diffuse during the high-temperature annealing stage, and egently been exploited for TRPL measurements utilizing their
hance the QW intermixing. In order to minimize the effectshigh-quantum efficiency in the photon-counting m&dith
of lateral diffusion, laser pulses were used of a similar durathjs instrument, PL emission from similar samples has been
tion to the calculated thermal time constant in InP. In themeasured at photogenerated carrier densities as lowia¥
earlier work blue shifts in the PL wavelength of up to 180 ¢m~3, exhibiting excellent sensitivity when compared to al-
nm were observed at a wavelength of 14%. Masking of  ternative time-resolving techniques such as nonlinear
the sample during irradiation gave a lateral spatial resolutiofyump—prob2 or upconversion luminesceri@ measure-
of <25 um for the technique. ments. The Ge single-photon avalanche di¢8RAD) is op-

In this article we report room-temperature time-resolvederated in a gated active quenching circ(#QC).** TRPL
photoluminescencéTRPL) measurements on the samples measurements at wavelengths up-tb.5 «m are achievable

described in Ref. 4. These measurements were made using,&h this systenf with an instrumental temporal half-width
microscope-based instrument, derived from an Edinburgh Ing¢ 300 ps.

struments LifeMap and described in detail elsewtieTae The samples under investigation were nominally un-

excitation source used in these measurements was a Pafsped, expitaxial waveguide structures, grown by metal-
sively Q-switched laser diodewhich emitted 10 ps duration organic vapor-phase epitax!OVPE) on an InP substrate.
pulses of energy-4 pJ at a wavelength of 860 nm. TRPL The multiple QW(MQW) structure consisted of five periods
measurements were made in the spectral region 1.32-1.4% g5 A GalnAs wells with 120 A GalnAsP barriers bounded
pm, with wavelength discrimination provided by optical py two graded indeXGRIN) GalnAsP confinement layers
bandpass filters. A schematic representation of the TRPL ingiih capping layer of InP. Disordering was carried out by
irradiation with ~7 ns duration pulses at a wavelength of
dElectronic mail: G.S.Buller@bonaly.hw.ac.uk 1064 nm from aQ-switched Nd:YAG laser. The pulse rep-
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FIG. 1. A schematic representation of the TRPL setup showing the optical o o . .
routing of the laser excitation and PL by polarizing beam splitt®BSs. FIG.‘ 3. The effect on the nonradiative recombination time and the PL_ in-
The components of the TCSPC electronics are indicated: trigger APDeNSity of number of PAID pulses from a Nd:YAG laser. All samples, in-
AQC; TAC; ADC; and MCA. The Ge-SPAD is biased above breakdown for cluding the control, have been annealed.

~200 ns per 1 ms laser cycle by a square-wave voltage input to the AQC

(not shown.

diameter was sampled at the center of the excitation spot.

etition frequency was 10 Hz and the energy density incidenfhe PL measurements over such small excitation areas can
on the samples was 5 mJ mra This irradiation was fol- be significantly affected by lateral carrier diffusion out of the
lowed by thermal annealing at 700 °C. Analysis of steady-detection area; however, the combination of large excitation

state PL measurements indicated that there were similar le@reas and relatively small detection areas will serve to negate
els of intermixing in each of the five quantum wells in this the effects of lateral carrier diffusion since carriers will dif-
sample. fuse both into and out of the detection areas at equal rates.

The six samples had received between 600 and 9006here may be some increase in Auger and radiative recom-
pulses and had then been annealed for 360 s along with tH#nation at the high carrier densities resulting from focusing
unirradiated control sample. TRPL measurements were madbe excitation pulse. The excited carrier density was
at room temperature on all seven samples. Figure 2 shows6x10'° cm™? for the 30um-diam excitation spot and
three PL decays: two from the control samptet exposed ~3%10" cm™? (over the 4um-diam detection regionfor
to laser treatmeitand one from a sample treated with 1800 1.5-.um-diam excitation.
pulses. The slowest decay in the figutine constant~60 Significantly, the PL decay from the PAID processed
ns was obtained from the control sample using a;88- sample in Fig. 2, measured using the small excitation spot,
diam excitation spot while the intermediate de¢ame con-  shows a reduced PL intensity and a further factor of 10 in-
stant~4.6 n9 was obtained with a much smaller1.5 um, crease in decay ratéme constant-0.4 ng. Since the decay
excitation spot. The combination of imaging optics and smalrate from the PAID processed sample changes little with in-

area detector meant that a detection area of ordy um creasing spot size, a dramatic reduction in the carrier recom-
bination time due to the dominance of nonradiative defect-

mediated processes is impli&d1
Carrier recombination in QWSs is expected to be domi-

10 *"WMM,W, . j nated by linear nonradiative recombination at the well—
—_ &“ml Sample (0 Pulses) barrier interfgceé_? The carrier dynamics were modeled us-
Eﬁ . g 30 pum diameter spot ing the 2D diffusion equation. The model assumed that the
10y = Control Sample (0 Pulses) excitation had a Gaussian spatial profile of known dimension
z and reconvolution analysis was used to fit the PL data using
§ a linear recombination time and ambipolar diffusion coef-
10 g ficientD as free parametefs.The PL decay measured using
a “,".".... Intermixed Sample (1800 pulses) large area excitation showed a nonradiative PL decay@d

f———- 1.5 pm diameter spot o ns. Using this value in the diffusion model gave a best-fit

107" : : : : value of~1.8 cnf s~ for the diffusion coefficienD. These

0 10 20 30 40 50 .
. results are comparable with valuesohndD measured us-
Time (ns)

ing other techniques in unprocessed InGaAs-based IlI-V
9,16 . . .
FIG. 2. PL decays, shown on a semilogarithmic plot, from the controIQWS' By contrast, the sample which had been intermixed

sample and a sample intermixed by 1800 laser pulses. The decays resulti?%ith %?00 DUIseS gave best-fit values of1 ns andD ~2

from excitation with a 1.52m-diam spot have decay constafiteeasured as CNY™ S

the weighted average of a two-exponentigl ¢t ~4.6 and~0.4 ns for the Figure 3 shows the results obtained from the full series
control and treated samples, respectively. The longest decay shown, frmaf TRPL measurements on the seven annealed samples All
the control sample, was measured using B0excitation spot diameter to . . . -
eliminate diffusion resulting in an exponential decay with time constantOf thé measurements shown in Fig. 3 were obtained using a

~60 ns. 1.5-um-diam excitation spot and the nonradiative recombi-
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Further work will concentrate on masking the sample
using absorbing thin films deposited directly on to the epi-
v eata Tt taxial structure. Consequently, the TRPL measurements can
be attempted at high spatial resolution, which will ultimately
be limited to~1 um by diffraction at the microscope objec-
tive.

In conclusion, TRPL measurements of intermixed
GalnAs/GalnAsP QW material using sensitive photon-
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1} e, counting detection have been demonstrated. These measure-
e e ments have shown that the nonradiative recombination time
0 50 100 150 200 250 300 350 400 450 500 in GalnAs/GalnAsP quantum wells can be reduced by two
Relative Position (um) orders of magnitude following treatment with pulsed PAID,

FIG. 4. Nonradiative recombination time as a function of lateral position and t,hat there exists lateral _Spatla,l correlation of the PL de-
across the sample, half of which has been irradiated. The excitation spétdy time and the PL blueshift. This work has demonstrated
diameter was 2Qum. The boundary may be seen with a precision of betterthe practical value of novel Ge photon counting detectors in
than 20um. a high spatial resolution microscope system. The quantitative
measurements of nonradiative recombination time and ambi-
polar diffusion coefficient provide valuable information

hich will allow greater flexibility in engineering both the
band-gap and recombination time in future integrated opto-
electronic devices fabricated using this, or similar, intermix-
ding techniques in this material system.

nation times plotted are best-fit values from the linear recom
bination and diffusion model discussed above. From Fig. 3 i
is apparent that the effect of as few as 600 pulses is to mar
edly reduce the linear carrier recombination time frer60

to ~1 ns. This reduction in recombination time, observe

together with a corresponding reduction in PL intensity, IS The diode lasers were provided by E. L. Portnoi of the
consistent with an increase in the nonradiative recombinatiofyffe |nstitute, St. Petersburg, as part of an INTAS collabo-
rate. On further increasing the number of pulses beyond 60Qative project. The Ge deviceds were supplied by Lesley
both the recombination time and PL intensity show little fur-Trjpp | G Productsw, UK. Financial support was provided
ther change. This compares well with the results obtainegyy, the U.K. Engineering and Physical Sciences Research
from the steady state PL measurements on these sdmpleSoyncil (EPSRQ. S.J.F. and A.M. acknowledge EPSRC
which show an initial abrupt shift in the peak emission wave-caASE Studentships with Edinburgh Instruments and DRA
length as the degree of optically induced disordering is inymalvern), respectively.

creased.

The second experiment was to investigate further the
spatial resolution of the pulsed QW intermixing technique. A *sSee, for example, the review by J. H. Marsh, Semicond. Sci. TecBnol.
sample was prepared with a metal mask suspended a few136(1993.
hundred um above the surface during irradiation. The g' f,;,Mé:;evsn'EfécTr'o'\:aﬂseT{QFé 1M1'1D7?1L9%§ue’ A C. Bryee, B Garret and
sample was treated with 12 000 pulses and annealed for 18&:_ j mcLean, A. McKee, J. H. Marsh, and R. M. De La Rue, Electron.
s at 700 °C. The PL peak at 77 K was blue shifted from Lett. 29, 1657(1993.
~1.46 to ~1.36 um, from the masked to exposed side, as 4C. J. McLean, A. McKee, G. Lullo, A. C. Bryce, R. M. De La Rue, and J.
described _preViou§|§/TRPL measur_emems were made.using 52 '\Sﬂélgsut}ielil‘?](.:trst).nliﬂ:ztstg,lyaiiisi.(l(?g\?\l.alker, Rev. Sci. Instré&.2994
a 20um-diam excitation spot, moving the sample by incre- (1997
ments of 20um between measurements—the precision being®z. I. Alferov, A. B. Zuravlev, E. L. Portnoi, and N. M. Ste’'makh, Sov.
limited by the mechanical precision of the transfation Stageﬂli-)e(\:/h-(f’g{)sﬁnlz)erttalr?(‘iLI1352FSr11?IIi863.Time correlated Single Photon Countin
used. The nonradiative recombination time was obtained by (oo <" *y 0 198)3'0 ’ 9 9
fitting the data to the same diffusion model described abovesG. s. Buller, S. J. Fancey, J. S. Massa, A. C. Walker, A. Lacaita, and S.
and is plotted in Fig. 4 as a function of position. gCova, Appl. Opt.35, 916 (1996.

The results indicate that the interface is clearly defined Js-_t'fb- Eh”'cg’ 1\3' TH Ni!'SO”'AéC'Wa”éer'SG'_Tr' Kﬁ””gg% Ffég' Grant, W.
with a precision of better than 26m as the recombination 10RI. K‘Ztrts"t;g' x.'Q.OEhISS,O&. ng?t'ggnD: G?htzricacﬁr, argd H.akurz, Su-
time reduces from 355 ns in the masked region to1 ns in perlattices and Microstructurds 345 (1990.
the exposed region. It is noticeable that the nonradiative de-S. Cova, A. Longoni, and G. Ripamonti, [EEE Trans. Nucl. ScieNge
cay times measured for the control sample and that measure 9'E59F9(1983t' d A E. Si Apol. Phys. La@. 280 (198
for the masked side of the sample shown in Fig. 4 are difssyy, F',ic,‘(’;qgﬁd in P R. ba\lleig,m:;;ﬂl_ EEQS_ Lfaé, 22'8(195,0_ S
ferent. This difference is thought to be in part caused by thé*;. s. Massa, G. S. Buller, A. C. Walker, J. L. Oudar, E. V. K. Rao, B. G.
relatively low statistical accuracy of the measured PL data altSSfezy and R. Kuselewicz, Appl. Phys. Lefil, 2205(1992.

: e J. S. Massa, G. S. Buller, C. Godsalve, and A. C. Walkepublishegl
long times after the start of the decay. In addition there may; L. MacCall, K. Tai, and T. Tsang, ifonference on Lasers and

be slight variations in material quality between the twO Ejeciro-Optics CLEO, Technical Digest Series ©ptical Society of
samples. America, Anaheim, 1988
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