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Figure B.5: Pulse on microstrip with a device II. The plot labeled (a) shows the
pulse generated by the pulser PCE in Fig. B.4, and the two pairs of plots labeled (b)
and (c) show the temporal voltage signals that would be detected by the refiection
and transmission sampler PCEs, respectively, for the signals shown in Fig. B.4 for
the thinned microstrip. The solid curves show the actual voltage on the waveguide
at the sampling PCE, while the dashed curves show the signal measured, using

a PCE whose response function is the same shape as the pulse generated by the

pulser PCE.
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the deconvoluted incident, reflected, and transmitted pulses the s-parameters are
calculated by taking ratios of the Fourier components. By properly taking into
account the distances between the PCEs and the device, the vector s-parameters
are obtained. Figure B.6 shows the result of just such a calculation except that
for ease of display only, the magnitudes of fhe s-parameters are displayed.

Plot (a) shows the frequency content of the incident pulse (the 3 dB point
is about 100 GHz). The solid curves of pairs (b) and (c) show the s-parameters
calculated using the signals and they are plotted with the dashed curves that are the
s-parameters used in the simulation itself. The agreement up to about 400 GHz
is good; above this, noise that is due to the sample spacing used in simulated
movies and other sources becomes large and the deconvolution is not stable. This
ssituation occurs where the spectrai intensity of the incident pulse is about 3% of
the peak intensity. In real experiments, noise in the data will probably produce

problems in the deconvolution at a frequency of about 200 GHz.

B.5 Summary and Conclusions

In this appendix a computer model that simulates the behavior of ultrashort
pulses on a waveguide with a device is described, and its implementation discussed.
Examples of the simulations for simple cases are shown and discussed. From these
examples for the simple passive device used, this model simulates the measurement
of s-parameters using PCEs on waveguides successfully. The extension to active

devices such as FET amplifiers should be straightforward.

This simulation program is useful because it can be used to determine the sen-
sitivity of the measurements to different parameters in the experimental technique,
such as the waveguide properties, the device packaging, and most importantly, the

device characteristics. Thus, it aids in the development of the intuition required for
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Figure B.6: S-parameters calculated from PCE signals. These plots show the
results of the calculation of the S-parameters for the PCE signals shown in Fig. B.5.
Plot (a) shows the frequency content of the pulse put on the stripline. The pairs
of plots (b) and (c) show the calculation of the magnitude of the s-parameters S;4
and S;;, respectively. The solid curves are the calculations from the PCE signals,
while the dashed curves are the calculations from the characteristics of the device

and the waveguide.
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making s-parameter measurements of high-speed devices using this new technique.
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Appendix C

A Novel Growth Technique for
HgTe-CdTe Heterojunctions

C.1 Introduction

This appendix describes a novel Hg-rich, liquid-phase epitaxy (LPE) technique
used to grow HgTe on CdTe. The motivation for developing this technique was to
grow HgTe-CdTe heterojunctions at a low temperature so that an estimate of the
band offset in this heterojunction could be made. However, the growth technique
was not entirely successful because the growth process was not easily controllable,
and the layers grown were partially polycrystalline. Thus, definitive measurements

of band offsets using these samples could not be made.

Band offsets are an important physical characteristic of any heterojunction.
The HgTe-CdTe offset is particularly important because it affects the proper-
ties of the HgTe-CdTe superlattice, which has been proposed as an IR detector
material. 1’2 Band offset measurements require an abrupt high-quality interface
with limited interdiffusion between each material. These conditions necessitate a

low-temperature technique to grow a HgTe epitaxial layer on CdTe. Conventional
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Te-rich liquid-phase epitaxy (LPE) causes too much interdiffusion for a meaningful
band offset measurement. The same may be true of metal-organic chemical vapor
deposition (MOCVD), which can be done at 325°C.3 To date the lowest temper-
ature growth technique has been molecular beam epitaxy (MBE) which grows in
the range 120 to 200°C with best epitaxy near 200°C.4 Below is a description of
the novel Hg-rich LPE technique, which also utilizes growth temperatures in the
range 125 to 200°C.

C.2 Apparatus and Procedure

The Hg-rich LPE technique consists of cleaving a CdTe crystal in a Hg melt
supersaturated with Te. Growth then takes place on the freshly cleaved (110)
planes. The apparatus used for the in situ cleave is shown in Figure C.1 and
consists of an outer container, a middle sleeve, and an inner cleaver guide and
sample holder. All Hg-wetted parts are quartz except for the cleaver, which is
a sapphire rod polished to a knife edge. The outer container contains the Hg
melt (typically a 2” depth of Hg). The inner sleeve has holes that allow the Hg-
melt inside, but are small enough to prevent the samples from falling out. This
arrangement provides for the removal of the samples from the melt from after
growth. The inner cleaver guide allows the CdTe to be clamped in position with
the cleaver resting in a notch in the CdTe. The CdTe substrates are n-type and
have a cross section of about 2 x 3 mm. They are notched along the top in a line
parallel to the (110) cleavage plane to allow the cleaver to be properly aligned on
the sample and to help initiate the cleave. The cleave is made by increasing the
pressure on the cleaver from above with a press. Heating of the melt was achieved

either by standing the quartz ware in an oil bath or by heating tape wrapped

around the quartz ware. The temperature was measured with a thermocouple
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Figure C.1: This shows the engineering drawing of the in situ cleaving apparatus.

The apparatus as shown is actual size.
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placed next to the outer container adjacent to the Hg melt. The temperature
of the Hg-melt is probably quite uniform because of convection mixing within
the melt. A forming gas of 14% H; in He flows over the melt at all times to
prevent atmospheric contamination. Furthermore, because Hg is involved, the
whole experiment is performed in a glove box purged with N, gas and the glove
box is in a fumehood. Many different growths could be performed with the same
Hg melt because the freshly cleaved samples could be retrieved from the melt by

removing the middle sleeve.

The Hg in the melt is high-purity triple-distilled Hg, and the Te to make the
melt Te-rich is 99.999% pure. By extrapolation of the data in Ref. 6, the solubility
of Te in Hg at 200°C is 650 ppm and it decreases to 20 ppm at 100°C. It is this
decrease in the solubility that drives the crystal growth process.

Two growth procedures were used. The first involved heating the Te-saturated
Hg-melt to a temperature of approximately 230°C. After sufficient time for the
melt to reach equilibrium, the temperature was reduced by 30°C. Then the CdTe
was cleaved and the melt allowed to cool down further at a rate of about 5°C/min.
When the melt temperature was 100°C the freshly cleaved samples were taken
out of the melt. The second growth procedure involved cleaving the crystal at the
saturation temperature and then allowing the melt to cool at a rate of 2°C/min

for 20°C, at which time the samples were taken out.

C.3 Results

Using the first procedure, growth was achieved for cleaving temperatures in the
range 125 to 200°C, with the best growth at the higher temperatures. The HgTe
epitaxial layer was always striated. These features were caused by adjoined crys-

tals approximately 1um wide by 1 pm thick and often 100 um long, aligned along
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the [110] direction. The growth tended to nucleate at steps in the cleavage plane.
The grown layers have been chemically analyzed using energy-dispersive x-ray spec-
trometry (EDS) and were found to be HgTe within the limits of this technique. The
crystallinity has been investigated using double-crystal x-ray diffraction. Rocking
curves show the appearance of a satellite peak that would correspond to the epi-
taxial HgTe layer, which has a .3% lattice mismatch with the substrate. However,
results from Read camera x-ray diffraction studies indicated that the grown films
are partly polycrystalline. Furthermore, ion channeling showed a 50% dechannel-

ing rate, indicating that the HgTe layer was far from perfect.

The second growth procedure produced nonstriated growth. X-ray rocking
curve measurements indicated a thin strain-relieved HgTe layer. EDS did not
show the presence of HgTe; however, this absence could be because of the lack of
surface sensitivity of this technique. This growth procedure was not investigated

further.

Electrical measurements were taken from Schottky diodes made with the stri-
ated samples. These measurements consisted mainly of current-voltage (I-V) char-
acteristics, which were not found to be completely thermionic in character. At
elevated temperatures such as 350 K, the I-V measurements indicated a barrier of
0.73 eV with a quality factor of 1.25. These results are thermionic in character and
are within the range measured by Kuech and McCaldin in Ref. 3 for MOCVD sam-
ples. However, at lower temperatures the measured barrier height became smaller
and the quality factor increased, suggesting that other transport mechanisms dom-
inate thermionic emission at the lower temperatures. It is possible that trapping
defects at the heterojunction interface are responsible for the low-temperature I-
V characteristics. Further electrical measurements were not pursued with these

samples.
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C.4 Summary and Conclusions

The novel in situ cleaving LPE technique did give low-temperature growth
of HgTe on CdTe. However, the growth process was difficult to control and the
resultant layers were partially polycrystalline. Furthermore, I-V measurements
taken from Schottky diodes on these samples were not thermionic in character and
indicated the presence of traps at the interface. Thus, the samples grown by this
technique could not be used to measure the band offset at this heterostructures.

Since the time of this work, there have been various new measurements of
the band offset for MBE-grown HgTe-CdTe heterostructures. For example, Chow
et al. in Ref. 7 measured the band offset by looking at the thermionic current
across single barrier HgTe-CdTe-HgTe structures. These measurements give a

temperature-dependent valence-band offset, which at 300 K is 390 + 75 meV.”
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Appendix D

Equipment

D.1 Introduction

This appendix lists details, such as manufacturer’s name and part number
(PN), of the elements used to construct the apparatus described in this thesis.
The apparatus described includes: (1) the CPM laser with optics and dye/absorber
pumps; (2) the various diagnostic tools, especially the autocorrelator; and (3) the
PECS apparatus. The appendix is in three sections, one for each of the pieces of
equipment listed above. For each piece of equipment a figure is shown followed by a
table listing the details of the equipment. The purchase order (PO) number, when
listed refers to an indexed set of PO copies for elements purchased specifically for

this project; these POs contain further details.

D.2 CPM Laser

See Chapter 2 for details of what each element is, and a description of how
the laser works. The detailed drawing of the laser is reproduced in Fig. D.1. The

CPM laser is constructed on a 2’ x 4’ breadboard on top of a full-sized optical
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Figure D.1: Detailed configuration of compensated CPM laser. See Table D.1 for

description of elements.

table. This allows holes to be drilled at positions J1 and J2 for these jets to
drain easily. It is very important that all the optical elements be very securely
mounted, because small vibrations of these elements can cause noise in the CPM
output power. Table D.1 lists the elements of the laser, their manufacturers and
part numbers and a brief description.  Figure D.2 shows the block diagram of
the dye/absorber pump systems. It is important to design the system so that the
solutions can be easily changed. The collection of the solution below the jet is
critical to the laser’s stability; frothing must be minimized. Table D.2 lists the

elements, their manufacturer and part number and a brief description.

D.3 Diagnostic Tools

Figure D.3 is a schematic diagram shoWing the various tools used to diagnose

the CPM laser. Table D.3 lists the equipment used. Figure D.4 shows the colinear
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Figure D.2: Pump System. Schematic diagram of the absorber/dye pump systems.

See Table D.2 for description of elements.

autocorrelator used for real-time determination of pulse shape, and Table D.4 lists

the elements of the autocorrelator.

D.4 PECS Apparatus

Figure D.5 shows the schematic of the PECS apparatus and Table D.5 lists the

elements used to construct this apparatus.
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Figure D.4: Schematic diagram of the collinear autocorrelator used to make

real-time autocorrelation measurements.
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Table D.1: Details of Compensated CPM Laser.

Element Supplier and Part Number Description P.O.
Ar laser Coherent I-20UV 0-1
B NRC 675 Beam Steerer with 13E20BD.1 mirrors II-1
Mi Mounts: Klinger SL-50-BD for all except M8 I1-2
Mounts: NRC MFM-075 for M8 G-29
Trans: Klinger MR-80-25 where indicated I1-2
M1 CVI 2 or 3% Output coupler 1”x3/8”, flat G-23
M2-3 CVI 10 cm He-Ne H.R. 1/27x3/8” G-23
M4-5 CVI 5 cm He-Ne H.R. 1/2”x3/8” G-23
Me6-7 CVI flat He-Ne H.R. at 45° 1/2”x3/8” G-23
M8 CVI 10 cm for 514.5 nm Ar 1/2”x3/8” G-23
Ji Mounts: Klinger MR50 xyz stage I1-2
J1 Coherent 0406-224-02 stock s.s. nozzle I-9
J2 Coherent 0406-224-02 thinned s.s. nozzle I-9
Pi Mounts: Klinger P046 prism mounts G-24
Trans: Klinger MR50.16 trans. stages G-24

P14 Spectra-P. G0044-000 Brewster angle prisms G-26
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Table D.2: Details of Dye/Absorber Pump Systems.

Element Supplier and Part Number Description P.O.
Reservoir s.s. beaker 0-1
Pump Tuthill 9012 gear pump I-1
Pump Bodine 276/901 motor/controller I-2
Filter Acro-flow 12550 .8 pm filters I-3
Valves Whitey SS-1GS4 s.s. toggle valves I-13
3-way Cashco 1171-22-61 s.s. reg. valve I-5
valve
Shock- Grees-Alaer 812—954 ’ pulsation dampener I-4
Cushion
Meter Marsh Gauge J8848 brass 0-100 psi I-6
Heat- Homebuilt s.s. ball bearings
exchanger Neslab RTE-9B recirculator I-8
Accumulator Spectra-P. 372B for streamlined flow I-11

Table D.3: Details of CPM Diagnostic Tools.

Element Supplier and Part Number Description P.O.

P. meter Spectra-P. 404 broadband I-11
Diode EG&G FND-100 high-speed diode

Spatial concave mirror

Grating Ealing E-O 36-4323 1200 1/mm vis. blaze G-28
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Table D.4: Details of Autocorrelator.

Element Supplier and Part Number Description P.O.
B.S. Opt. for Res. SCL-15 beam-splitter cube I1-7
Shaker Ling Elec. 203B shaker unit I1-3
Trans-Tek 0240-0000 trans. transducer G-14

Lens Opt. for Res. L-25-51 visiblerlens f=51 mm I1-7
KDP Cleveland Crystal Q1XA10-KDP-I-57.7-620-C I1-5
Lens Opt. for Res. LU-25-51 uv-lens =51 mm I1-7
Filter Schott Opt. UG-11 uv-pass filter I1-6
PMT Hammamatsu 1P28 uv sensitive G-9
Pac. Int. 3150RF PMT housing G-9

Kepco APh 2000M PMT power supply G-9

Osc. Tektronix FG 501A function generator I11-3
Amp Radio-Shack 322024 PA amplifier G-10
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Figure D.5: Schematic of the photoluminescence excitation correlation spec-

troscopy apparatus. See associated table for description of elements.



Table D.5: Details of PECS Apparatus.

Element Supplier and Part Number Description P.O.
ND NRC 50G00-AV.2 attenuator disk G-11
BS Opt. for Res. MS-25P-615.0 beam-splitter plates G-12

Choppers PAR Model 125A 48 slot blade I1-4
CC Opt. for Res. AC-38 corner cube I1-7

Delay Klinger MT-160 stepper-motor stage I1-2
Klinger CC-1.1 . programmable controller II-2
L1 f=150 mm lens
Dewar 1 JANIS DT-8 stationary dewar
Dewar 2 TI cold finger moveable dewar
NRC 850-2” translation actuators
NRC 855C programmable controller
L2,L3 =120, 300 mm collection lenses
Filter Melles-Griot 709
Spect. SPEX double pass
PMT RCA GaAs at -20°C
PA Ithaco 1211 current preamp
Lock-in EG&G 5301 digital lock-in
Comp. HP 9836C with IEEE interfaces 0-2
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Appendix E

Variations of Photoluminescence

and Lifetime with Laser Dose

The band-to-band PL intensity and the carrier lifetimes measured using PECS
for In-alloyed GaAs are found to vary with incident-pulsed laser-exposure time.
Moreover, this variation depends on the incident-power density, the sample tem-
perature, and the substrate surface preparation. Similar variations have been
observed by other researchers.! The variations observed in this work are not found
to be simple, and the details of why they occur are not completely understood.
The intent of this appendix is to outline the extent of these variations, give some
possible explanations for them, and describe the measures taken to reduce their

effects.

The appendix is organized into four sections: The experimental section de-
scribes the apparatus, samples, and experimental procedures; the results section
describes the experimental results for a series of five experiments; the discussion

section discusses the results; and finally, the summary section summarizes the ap-
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pendix and explains how the effects investigated in these experiments affect the

work of Chapter 4.

E.2 Experimental

The experimental apparatus used in this appendix is identical to that described
in Chapter 4. In particular, the translatable cold-finger dewar was operated so that

the sample was in a vacuum with a pressure estimated to be less than 20 pTorr.

The In-alloyed GaAs samples used were annealed after growth at about 800 °C
for 30 min.. During the anneal the wafers were encapsulated in SiO;. Annealed
samples rather than as-grown samples were used because the annealed samples
have a much more uniform band-to-band PL response over their surface. This

uniformity reduces the importance of exact positioning of the analyzing laser spot.

The samples were analyzed with and without a surface passivation layer. The
surface without the passivation layer was lightly etched to remove any surface oxide
before analysis. The surface passivation was the same sodium sulfide passivation
layer used in Chapter 4.2 This was spun on the sample after a light etch of the
surface to remove any oxide. In experiment III, 500 A of the top surface was
removed using an etch in H,O : H3PO4 : Hy;O; in the ratio 50 : 3 : 1 for 36 s.

All of the optical analysis was done with the CPM laser described in Chapter 2.
In these experiments the characteristics of this laser were the same as when the
laser was used in Chapter 4. The variation of PL intensity with laser exposure
time was measured by moving the laser spot used in the PECS experiment to an
unexposed surface, and monitoring the variations of the intensity of the peak of
the band-to-band PL spectra with time. The variation of carrier lifetime with
laser exposure time is measured by continually making PECS delay-time scans on

the peak of the band-to-band PL spectra, while the laser remains incident on the
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sample. The lifetime from one side of such a scan is then the lifetime averaged
over the time taken for one-half of a full delay-time scan. A full scan took 40 s,
so that the lifetime measured is an average of the lifetime over 20 s. The position
of the analyzing spot on the sample could be reproduced even after repreparing
the surface. This was achieved by repositioning the sample using a scribe mark on

surface of the sample. This positioning technique was also used in Chapter 4.

E.3 Results

The results from five different experiments are listed below under separate

headings.

I PL Intensity versus Exposure Time.
Figure E.1 shows the band-to-band PL intensity versus incident-laser expo-
sure time. This figure shows that the size and direction of the band-to-band
PL intensity variation depend on sample temperature and surface prepara-
tion. For the unpassivated surface: at 300 K the PL signal increases, while
at 80 K the PL signal decreases. For the passivated surface: at 300 K the
PL signal decreases, while at 80 K the PL signal increases. These curves
are for a laser-pulse energy of 12 pJ. For an unpassivated surface at lower
pulse energies, the direction of PL intensity variation is the same. However,
the rate of variation is reduced as the pulse energy is reduced, until, for a

pulse energy of 0.4 pJ, no variation is observed.

IT Irreversibility of PL Variation.
The changes in the PL intensity for the unpassivated surface at 300 K were
found to be irreversible. If the exposure was interrupted for periods of
several minutes, no change in the PL intensity took place during the inter-

ruption. Even after several days the PL signal enhanced from an exposure
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Figure E.1: PL intensity versus exposure time. These two graphs show the
band-to-band PL intensity versus the laser exposure time. Plot (a) shows curves
for sample temperature, T=300 K, and plot (b) shows curves for sample temper-
ature, T=80 K. The solid curves are for an unpassivated surface, and the dashed

curves are for a passivated surface. The incident-pulse energy was 12 pJ per pulse.
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of one hour remained unchanged.

Etching Top Layer of Exposed Surface.

After exposing an unpassivated sample to the incident laser at 300 K for
one hour, the PL intensity increased by a factor of two at the position of
analysis. However, after the top 500 A were etched off the surface of the
sample, the previously exposed spot was found to have a PL signal that was
not enhanced. Thus, the PL intensity enhancement disappeared when the

top surface was etched.

Lifetime Variation with Exposure Time.

Figure E.2 shows the carrier lifetime versus exposure time for the unpassi-
vated surface at 80 K, and at 300 K. For comparison, along with this, there
are plots of PL intensity versus exposure time. The scale of the correspond-
ing PL intensity plot was chosen so that the curve overlapped the lifetime
measurements. The plots show that at 80 and 300 K the lifetime and PL

intensity are remarkably similar in their behavior with exposure time.

Initial Lifetimes.

Figure E.3 shows the lifetime measured at two different positions shortly
after the initial beam exposure for both an unpassivated and a passivated
surface at 80 K and 300 K. The figure shov;rs that the measured lifetime at
80 K is not affected by the passivation surface, while the lifetime at 300 K
for the passivated surface is the same as the lifetime at 80 K and the lifetime
at 300 K for the unpassivated surface is reduced by nearly a factor of two

for positions (a) and (b).
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Figure E.2: Lifetime versus exposure time. These two graphs show the carrier
lifetime versus the laser exposure time. Plot (a) shows lifetimes for a sample
temperature of T=300 K, and plot (b) shows lifetimes for a sample temperature
of T=80 K. The lifetimes are shown with unfilled squares, along with error bars.
Also shown are the PL intensity versus exposure-time curves for the corresponding

temperatures and surfaces. These are scaled to overlap the lifetime data.
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Figure E.3: Lifetimes at 80 and 300 K for passivated and unpassivated surfaces.
These two graphs show carrier lifetimes at two different positions. The position
in plot (a) corresponds to a smaller PL intensity than that in position (b). The
squares mark the points for the unpassivated surface, while the circles mark the
points for the passivated surface. The separation of the points along the temper-
ature axis is for clarity of display only; the actual sample temperatures were 80 K

and 300 K. The laser-pulse energy was about 4 pJ per pulse.
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E.4 Discussion

The implications of the five experiments described above are discussed in this
section.

The similarity of the plots of lifetime and PL intensity versus exposure time,
shown in Fig. E.2, indicate that the variation of PL intensity results from the
variation in the carrier lifetime as measured by PECS. The PL intensity variation
follows the lifetime variation because the samples have carrier lifetimes that are
dominated by non-band-to-band radiative recombination, such as trapping and
surface recombination. For such samples, the band-to-band radiative recombina-
tion intensity is proportional to the carrier lifetime measured by PECS, as shown in
Eqn. 3.11 of Chapter 3. Thus, the variation in PL intensity is due to the variation
in the electronic properties that govern the carrier lifetime of the sample.

The lifetime measured by PECS is affected both by bulk traps and by surface
recombination. Using mn, and S; as the bulk lifetime and surface recombination

velocity, respectively, then

. 1
Niowow

™ and Sy = Nyogvy,

where N, and oy, and N, and o, are the density and capture cross section of the
| bulk and surface traps, respectively, and vy, is the thermal velocity of the carriers.
Moreover, band-bending at the surface acts to reduce the number of electrons and
holes that reach the surface.* This reduces the surface recombination velocity

through
S = Soe—ld’l/kT,

where ¢ is the amount of band-bending at the surface and S is the effective surface

*Although the samples are semi-insulating the laser pulse creates electron-hole plasma with
density of about 10'7 cm~2, which results in band-bending within the absorption depth a =
0.25 pm.
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recombination velocity.3 If the lifetime is dominated by bulk prdperties, then 7pp, =
b, where 7py, is the lifetime measured by the PL signal. If the lifetime is dominated
by surface properties, then 7py, increases for a decrease in S and decreases for an
increase in S. See Ref. 4 for the details of the dependence of 7p;, on S. The relative
effect of bulk and surface recombination depends on the absorption depth of the
iﬁcident radiation and the ambipolar diffusion length of the carriers. For these
samples, the diffusion length, L, for lifetimes of 200 ps, are in the order of 1 pm,
and the radiation absorption depth, «, is about 0.25 pm. Because L is greater

than a, the contribution of surface recombination may be large.

Experiment III for an unpassivated surface shows that etching off the top 500 A
returns an exposed surface to its previously unexposed state, thus directly showing
that the increase in PL intensity and lifetime at 300 K is a surface effect rather than
a bulk effect. It is reasonable that the same is true at 80 K for an unpassivated
surface and at 80 and 300 K for a passivated surface. It is unlikely that these
variations are a result of the ambient atmosphere interacting with the surface,
such as laser-assisted adsorption of molecular species on the surface, because the
experiments were done in vacuum, and similar variations are observed with a 1 ym
thick passivation layer. The increase in lifetime seen at 300 K for the unpassivated
surface indicates either that defects at the initial surface are annealed out, or
that the bands bend as the result of the creation of other surface defects. The
latter explanation is more convincing. The results of experiment II shows that
these changes in the surface properties are stable. The different behavior of the
PL intensity at 80 and 300 K for the unpassivated surface indicates either that
different defects are being created, or that traps are behaving differently at 80
and 300 K. The differences between the PL intensity behavior for the passivated
and unpassivated surfaces indicate that the surfaces behave differently with the

passivation layer present. This behavior may be due to the passivation layér’s
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reducing the density of surface states or repinning bands at the surface.

Figure E.3 indicates the importance of surface recombination at 80 and 300 K
for the unpassivated and passivated surfaces. Because these lifetimes were meas-
ured shortly after laser exposure started with pulse energies of 4 pJ, these lifetimes
are for a surface that has not yet been affected by the laser exposure.* Fig. E.3
shows that at 80 K the surface passivation has no effect on the lifetime measured,
so that surface recombination is initially not important at 80 K. However, Fig. E.3
shows that at 300 K the surface passivation has a large effect on the lifetime
measured. The strong dependence of the surface recombination on temperature
may be due to various factors: First, since vy o (kT)%, So is smaller at 80 K
than at 300 K; second, band-bending reduces the surface recombination velocity
by exp(—|¢|/kT), which is a largér reduction at 80 K than at 300 K; finally, o,
and N, may also change with temperature, although the nature of this effect is

probably small.

E.5 Summary

In summary, the variation of PL intensity with incident exposure results from
the variation of surface recombination velocity, which affects the carrier lifetime.
The variation of the surface recombination velocity probably takes place through
the creation, by laser damage, of trapping defects at the surface, and through the
bending of the electronic bands resulting from these traps. Such a mechanism ex-
plains both the increase and decrease in the PL intensity and carrier lifetimes with
laser-exposure time, which are experimentally observed. For lifetimes measured
after small exposure times, it is found that at 80 K the lifetimes are dominated by

bulk capture with and without the surface passivation layer, while at 300 K the

*These are the same conditions for which the lifetime data of Chapter 4 were taken.



210

lifetimes for passivated surfaces are dominated by bulk capture, and the lifetimes
for unpassivated surfaces have a large contribution from surface capture.

These conclusions imply that for the work of Chaptér 4, where bulk rather than
surface properties are of interest, it is important, especially at 300 K, to use the
surface passivation. Moreover, lifetime measurements should be made at previously

unexposed areas of the samples. These procedures were used in Chapter 4.
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