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A picosecond time-resolved photoluminescence microscope with detection
at wavelengths greater than 1500 nm
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We describe a picosecond resolution time-resolved photoluminescence microscope with high
detection sensitivity at wavelengths extending beyond 1500 nm. The instrument performs
time-correlated single photon counting using an InGaAs/InP single photon avalanche diode as a
detector, and provides temporal resolution of less than 30@ufiswidth at half maximum and

spatial resolution down to &m at a sample temperature between 4 and 300 K. Analysis of noise
characteristics indicates the ability to measure the excess carrier lifetimes of semiconductor devices
with excited carrier densities of less than*4ém 3. © 2001 American Institute of Physics.
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I. INTRODUCTION provides a more detailed, general analysis of the sensitivity

_ ) of TCSPC to low light levels, and derives some results that
Time-resolved  photoluminescenc€TRPL) measure-  gre poth helpful in optimizing this instrument, and which
ments allow the investigation of electronic relaxation mechajngicate that sensitivity to signal intensities even lower than

nisms in optically active materials. In semiconductors, foryhose demonstrated previouSlgre measurable.
instance, the luminescence intensity depends upon the excess

carrier density, which reduces on a time scale ranging from

picoseconds to microseconds, as a result of intraband carrigqr AppARATUS AND OPERATION

dynamics and various interband recombination processes.

Understanding of the dominant processes in the relaxation is A schematic diagram of the TRPL apparatus is shown in
of great value in the characterization of material quality andFig. 1. For ease of viewing, the electrical configuration pri-

design of new devices. marily occupies the left-hand side of the diagram and the
Time-correlated single photon countiG§CSPQ! using  optical configuration the right.
single photon avalanche diodéSPADS offers TRPL mea- The pulsed optical source is a passivelyswitched

surement of unrivaled sensitivity and with picosecond timelnGaAsP/InP semiconductor diode laser emitting at a wave-
resolution, but has until now been limited to detection wavelength of 1305 nm. Th&-switching mechanism is based on
lengths shorter than 1500 nm, this being the long wavelengthn efficient saturable absorber formed by heavy ion bom-
limit of sensitivity for Ge homojunction devicés The low-  bardment, which permits reliable production of optical
loss telecommunications window between wavelengths opulses of duration-15 ps and pulse energy of5 pJ® Such
1500 and 1600 nm, in which most long haul telecommuni-asers have been produced for operation at numerous other
cations devices are designed to operate, has therefore neavelengths, including 800 and 1450 nm. The excitation la-
been accessible, except by less sensitive methods such $&r diode is driven by an Avtech AVO-9 electrical pulse
pump-probé or up-conversion detectioh. generator, which also provides a synchronized trigger for a
As a result of extensive investigations into the use ofsecond pulse generator unit, a Hewlett Packard HP81110A,
commercial InGaAs/InP separate absorption, grading, antb supply both the “start” pulse to the time-to-amplitude
multiplication layer(SAGM) avalanche photodiodes as pho- converter(TAC) via a constant fraction discriminat¢CFD)
ton counter$, we have now identified devices which can be and a—5 V gate pulse to bias the cooled InGaAs/InP SPAD
operated in photon counting mode to offer noise equivalenédetector into the Geiger mode. The SPAD is otherwise held
powers(NEPS as low as 3 10 /W Hz Y2 at an operating at a dc bias just below its breakdown voltégeprox 30 V at
temperature of 77 K, combined with timing resolution of less77 K). A variable time delay in the Avtech pulse generator is
than 300 ps. We have incorporated one such detector into adjusted to ensure that the optical signal arrives at the detec-
TRPL microscope, and performed preliminary measurementtor during the gated-on period.
on a semiconductor device structure that indicates sensitivity The optics for this microscope are mounted on a
to excess carrier densities as low ag*bon 3.7 purpose-built baseplate, which can be positionally adjusted,
This article describes in detail the microscope hardwareysing micrometer precision actuators, relative to the sample,
the measurement method, and key performance issues. Which is fixed. This slotted baseplate technology was devel-
oped for previous experiments in optical interconneeisd
“Electronic mail: .m.smith@hw.ac.uk supports the stable positioning of optical components

bCurrent address: Department of Electrical Engineering, UCLA, Los Ange-r‘nc’u"‘t.ed in .Cy"ndrical m_od_ules. Its apility for rapid optical
les, California 90095-1594. reconfiguration makes this instrument ideal for the study of a
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FIG. 1. Schematic diagram of the TRPL microscope. For ease of viewing, .
the electrical and optical configurations occupy the left- and right-hand sides As well as bemg gated by the HP DUIse generator, the

of the diagram, respectively. SPAD is passively quenched using a 10Q kesistor also
mounted inside the cryostat to minimize the flow of current

through the detector upon avalanche breakdown. This serves

wide rzzr?fgfe of sample;, whereby freque_nt lnte_rchlange betb limit the filling of deep traps in the semiconductor mate-
tween different excitation sources, passive optica COMPO;ia), from which subsequent carrier release is thought to be

nentPs, Ian_d_detet():tors m?y be requiredd.f 12001600 responsible for triggering unwanted “afterpulses” during the
olarizing beamsplitters coated for - Mhext detector gat®

wavelength operation and a 90° polarization rotator combine The voltage across a further 5Dresistor in series with

to direct the collimated excitation pulse towards the samplethe SPAD and quench resistor is amplified and used as the

and 't. IS focu;ed onto thg sqmple surface using one of astop” signal of the TAC via a second CFD. The amplitude
selection of microscope objectives. The same lens is used

lect th lari lumi hich is th S the voltage spikes that occur across the(b@esistor due
cotiec e(now unpo_arlz_ebzl uminescence, Which IS then 4, 1he fast transients in the detector gating is reduced below
filtered spectrally using interference filtefs-50% peak

or . . that of the avalanche events by setting the gate rise time to
transmission, 12 nm full width at half maximuFWHM)] 20 ns. It is the ability to adjust the gate transient time that

and_ atte_nuated as necessary, and focused into a_single mo(ggms the HP81110A its place in this apparatus. Having es-
ppupal fiber for delivery to the detector. The choice of Op't blished the minimum rise time for successful operation, it
jective lens used at the sample depends upon the desmg ould be possible to replace the HP81110A with a more

S%atiﬁl rt(;solunonl a_ndt cgllecltlond gfﬂ;;r:ency, t.and uI?Ionbasic pulse generator combined with a simple low-pass filter
whether the sample is to be placed in the continuous flow,  _ iave the same result.

vacuum loading cryostatOxford Instruments CF1104in The CFDs, TAC, and multichannel analyzévICA)

which case the minimum working distance s limited to used to generate the data histogram are conveniently inte-

about .5 rlnm. Usmg: 3f60rgﬂect|ng ObJeCt'Vle Iins_ with a grated on an Edinburgh Instruments TCC900 data acquisi-
numerica ape_rtur(aN ) of 0.5 we can currently o taindm o0 card, running on Windows in a PC.
spatial resolution under these conditions.

The fiber into which the luminescence is focused couples
to the single mode pigtail of the SPAD, which feeds into them_ TEMPORAL RESOLUTION
top of an Oxford Instruments Optistat DN exchange gas cry-
ostat containing the detector. This allows control of the de-  The instrumental response of the complete microscope,
tector temperatur@ gpap, @ parameter that is critical in de- with a detector temperature of 77 K and excitation repetition
termining its noise characteristics and maximum operatiomate of 1 kHz, is shown in Fig. 2. This histogram was ac-
frequency, down to 77 K. quired by placing a mirror in place of the sample and record-
Prior to the luminescence measurement, alignment of thaag photons from the reflecte@nd suitably attenuateex-
instrument is simplified by shining light through the collec- citation pulse, and so the wavelength of light being detected
tion fiber in the reverse direction and viewing both the re-is that of the excitation laser, 1305 nm. Also shown in the
sultant image of the detection aperture and the excitatioffigure is a portion of an example TRPL histogram measured
spot on the sample surface using an infrared camera. Thisom an InGaAsP multiple quantum well heterostructure at a
step has the additional advantage of revealing directly theletection wavelength of 1525 nm. The decay takes the form
relative sizes of the excitation and detection areas, which caof a single exponential superimposed with both Poissonian
be important in the avoidance of carrier diffusion effects inand temporally correlated noise, the origins of which will be
the time-resolved measurements. discussed in the next section.
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The key feature of the instrumental response is the full 0000 T T T T ]
width at half maximum(FWHM) of 230 ps. This is deter- 1 E
mined principally by the timing jitter of the SPAD, since the ]
combined jitter of the other timing components amounts to at 1000+ 3
most a few tens of picoseconds. The physical origin of the ]
SPAD jitter is a matter of debafé;}?but it is a weak func-
tion of the wavelength of light to be detected as a result of§ 100+
the absorption spectrum of the InGaAs layer, with 1550 nm
light increasing the jitter to 270 ps. Iterative reconvolution of 10
the measured luminescence data from the instrumental re
sponse can in practice facilitate the fitting of decay lifetimes
shorter than the FWHM. While the maximum extent to 15
which this can be achieved is subject to questiamumber T T T J —
of authors have demonstrated satisfactory fitting to data with 0 50 Ti 100 150 200
decay lifetimes of around one fifth of the instrumental ime (ns)
FWHM,"*!* and on this basis we estimate the ultimate tim-gig. 3. A typical gating function data set with a count level-e10* and
ing resolution of this microscope, under ideal conditions, tothus a relative Poissonian noise amplitude of 1%. A gate duration of 200 ns

PRI TN T

be 60 ps. has been used with a gate transient time of 20 ns. The earlier part of the gate
. . . _— . is seen to be less uniform, due to post-transient ringing in the detector
This resolution is, however, an upper limit when the in-

fluence of noise on the signal is negligible. This is rarely the
case, and indeed is often undesirable since such a situation

Qe”efagy OR!V oceurs gt.ths expense of Ionr? meﬁsureme%nction, can be measured directly by illuminating the gated

t'mef'. g.r .td's lrleést?n,klt ISt etter;otapproac eac me.as(;”%'PAD with temporally uncorrelated photons and acquiring a

ment individually. by knowing what accuracy Is require ’ large enough data set that Poissonian noise, as a fraction of

and with somea priori knowledge of the photoluminescence the total number of counts, may be neglected. An example of

decay characteristics, we can determine, and to some extegltJCh a data set. for a a:[e of Width200 ns. is shown in

minimize, the length of time that each measurement will takei:ig 3 ' g '

t rform. o . .

0 perrom . . . - Each subsequent data set can be normalized by dividing
To this end, the following section contains a description : . . .

through by the gating function. To follow this process reli-

of the origins and manifestations of noise in these measure-. . .
ments, and of how this understanding can be used to Optglously is somewhat arduous, however, since for best results

mize instrumental performance. Note that much of what foI—the gating function must be mgasured directly_prior to each
lows is applicable to any TRPL measurement using TCSPC?et of measurementg under a given set of'condlmetector
but that it is of particular importance here due to the limita-t€Mperature, gate width, MCA channel width, gteand can

tions placed on the operating frequency of this detector. take some time to acquire. It is clearly preferable to take care
in generating a flat, uniform gating function when construct-

ing the apparatus, so that all but the most demanding of
IV. SENSITIVITY AND NOISE ANALYSIS measurements can be performed without the need for this

. . adjustment.
The TCSPC histogram is the aggregate of all the tempo Even when the above precautions are taken, the gate

rally correlated signal counts and the uncorrelated “back- I . .
ground” counts registered during the acquisition titag,. normalization procedure does n(?t in practice account for all
Temporally uncorrelated background counts originate mostif! the temporally correlated noise, due to slowly varying
from two sources: stray photons incident on the detector ang/€Ments such as drift of the excitation laser and in the data
“dark” counts, which are avalanche events caused not b)gcqwsmon_ chain. What remains is a reQuced temporally cor-
photogenerated carriers, but rather by carriers that have be&flated noise component, with an amplitude that can be rep-
generated thermally or by trap release in the detector. ~ fésented as a constant fractiorf the count level in a given

In the hypothetical case of a noiseless histogram, th&hannel. In our preliminary investigations using the appara-
background counts are equal in number in each channel, alS describedq is approximately 0.1. It is hoped that this
so can be simply subtracted from the acquired data to leavéalue can be reduced significantly in our apparatus with the
only the signal. Such a simple treatment is in practice hinadoption of an optical trigger to start the TAC, which will
dered by two factors: temporally correlated noise, manifeste@liminate from the time measurement circuit the drift be-
as inhomogeneity in the detection probability across the gatdveen the optical pulse and the electrical trigger within the
and Poissonian noise. The latter is a result of the stochastl@ser pulse generator. Obtaining a small valuexd impor-
nature of TCSPC and is equal in magnitude to the squartant, since, as we shall see in the following analysis, it alone
root of the number of counts in a given channel. The formedetermines the ultimate sensitivity of our measurements.
can result from a variety of effects; a nonuniform gate volt-  We start our noise analysis by defining the signal-to-
age, electromagnetic pickup in the detection circuit, and nonnoise ratio(SNR) in theith channel of the MCA as the ratio
linearity in the data acquisition hardware being the mosbf the number of signal counts to the sum of the Poissonian
likely causes. The detection probability function, or gatingnoise and the temporally correlated noise in that channel:
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N! il
SNR=—— = G 1001 s
\/Nsig+ r bkgnd&nrep+ a( Nsig+ rbkgndé\tnrep) '/v
wherer pgng is the normalized background count rad,is (
the time width per MCA channelindeedr pyg,q/ St is, by _10- .
definition of ry,4ng, the probability of a background count E
occuring in a single time window of duratiaft), andn,, is =
the number of pulse repetitions performed in the §
measuremenit G —a— 77K 3
The number of signal counts in thith channel of the —a— 120K
MCA can be expressed as a fractighi, of the peak value. — " —v— 160K
For a single exponential decay with a lifetimge.,, that is 0.1+ . . .
slow compared with the instrumental response time, the re- 1 10 f., (kHz) 100

sulting expression is

FIG. 4. Plot ofr,grgagainst and e, for Tspap= 77, 120, and 160 K. Closed
Ni —8in ot 2) shapes are with the detector unlit and open shapes are with the detector
sig B repPphOtTdecay’ illuminated to give a total TAC “stop” probability of 5%.

whereP ;. is the probability of measuring a signal photon in
any given pulse. For a decay that is faster than the instru-

— 76 . .
mental response FWHM, and therefore requires reconvolul—DphOt 2.5<107". This value compares favorably with the

. : U . . _value of P,,=10 ° deduced from the simpler model in
tion analysis, a good approximation is achieved by replacin p .
. : ef. 7. In an undoped semiconductor sample of planar ge-
St with the FWHM in Eq.(2). I .
ometry, exhibiting monomolecular photoluminescence de-

Equation(1) illustrates the fact that as data is acquired, . ; .
. . . . Gpy, we estimate that such a detection probability would re-
Poissonian noise reduces relative to the temporally correlate

components, and in the limit of large,., the temporally SU|t01?Tr0rT13 f};n excited  carrier density of about 2.5
correlated noise is dominant. Since no more than a factor o%< 1 cm = . .

2 in the SNR is to be gained by continuing to accumulate Equation(4) can b(_a used to estimate the Ieng_th (.Jf time
data beyond the point at which the two noise components artﬁken to perform a given measuremetgcq, by dividing
equal in magnitude, we choose this condition to provide irough by the pulse repet|t|pn frequeriy,. However, the
practical indication of the achievable sensitivity, and the ackground count raltpgng IS strongly depend_e Nt Oftep
number of pulsed excitations required to attain it. Using Eqsfjue to the afterpulsing effect described earlier. Figure 4
(1) and(2), the SNR is thus given by s_hows th_ls dgpendence fqr 77€KFSPA,?<16O K under two _

' different illumination conditions. The first of these, shown in
IBIPphot

closed shapes, was measured with the detector in the dark to
phot™ rbkgndrdeca))

)

represent the weak signal limit; the second, shown in open
shapes, was measured with a total detection probability per
gate pulse of 0.05, which we have chosen to represent the
Tdeca allowable strong signal limit, pursuant to the avoidance of
y .
nrep:azét(,B'P i 5 (4)  pulse pileup: . o
phot™ " bkgnddeca In the weak signal limit at a detector temperature of 77
Note that the SNR according to E() cannot exceed 12 K, Fig. 4 shows that afterpulsing starts to become important
The inherent difficulty in fitting decay lifetimes to high ac- at a pulse repetition frequency of around 5 kHz. At frequen-
curacy as a result of this limit must be compensated for bycies or temperatures higher than this, the ultimate sensitivity
fitting over a broad range g8. More quantitatively, the at- of the instrument will be reduced below that discussed
tainable accuracy of the fit to data spanning a given range above, correspondent with the increasgg,,q due to after-
B is approximatelyBmin/(SNRyinX Bma, Where B, and  pulsing or thermally generated counts, respectively. Note
Bmax define the range of and SNR;;, is the SNR atB,;,.  that at a fixedf ., afterpulsing is reduced abspap is in-
For example, a SNR of 1 g8=0.1 would enable a decay creased, a characteristic attributable to the thermionic nature
time constant to be fitted to the peak of a signal with anof trap emission. The competition between this effect and the
accuracy of 10%. It should be noted that, in the case of éncreased rate of thermally generated counts results in an
decay that is fast compared with the instrumental responseptimum temperature that minimizeg,,q for a givenf .
and therefore requires deconvolution analysis, significantly — Estimating st=1 ns as the longest suitable MCA bin
higher SNR, or fitting over a correspondingly greater rangeime width for measuring a 10 ns decayfe-0.1 with 10%
of B would be required to achieve a similar accuracy. accuracy, the shortest time in which the above measurement
With the above result in mind, Eq3) permits an esti- can be performed is estimated to be XBPs, or 44 h.
mate of the minimum signal photon detection probability for While this may be regarded as an inordinately long time for
which such accuracy can be obtained. For an example situa measurement, it is encouraging to note that by increasing
tion of a monomolecular decay withyeco=10ns, and using P, by a factor of 4 to 10° (corresponding to a semicon-
I bkgna= 100 s, the resulting photon detection probability is ductor excess carrier density of'f@m™3), Egs.(1) and(2)

SNRHS'(: 2&’(,8' P

and the corresponding number of pulsed excitations is
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