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SUMMARY

Rugate filters are a specific class of gradient-index optical thin-film structures. Reflection
of a single wavelength band is accomplished by interference caused by a sinusoidal
modulation of the refractive index of the structure. The width of the reflectance band is
proportional to the index modulation and the reflectance amplitude is proportional to the
number of periods, or filter thickness.

Atomic Layer Epitaxy (ALE) is a physical vapor deposition technique which permits a high
degree of thickness control and the perfection of single crystal epitaxial thin films which
have bulk-like optical and physical properties. This technique was investigated as a method
of fabricating rugate filters because it is able to address issues such as film thickness
control, film uniformity and device compatibility with high-power optics, which are
important in this type of device. Bulk-like thin-film properties improve the device
effectiveness in high-power optics, while film thickness control and film uniformity are
essential to accurately and reproducibly fabricate the filter.

In this report, we describe the results of a one-year program to investigate the feasibility of
using ALE to fabricate IR rugate filters. The goals of this program were to increase the
deposition rate of ALE, to determine the optimum growth parameters needed to deposit
high-quality epitaxial films of ZnS, ZnSe and ZnTe and to apply these results to the
fabrication of rugate structures by ALE.

Early studies using thermal evaporation of S, Se and Zn to produce ZnS and ZnSe films
showed that high-quality single-crystal epilayers of these compounds could be grown on
GaAs substrates. Optimum growth parameters such as substrate temperature, source
crucible temperature and growth cycle time were determined for the two systems.

In an attempt to increase the deposition rate of ALE in addition to improving source
material utilization, experiments were performed using a Nd:YAG laser to evaporate
elemental materials instead of thermal evaporation. S was found unsuitable for laser
deposition so ZnS was replaced by the similar compound ZnTe as the second material to be
used in the rugate structure. Additional studies using thermal evaporation of Zn and Te
were performed to completely characterize the growth parameters for the two materials
which would be used in the optical films.

Multilayer structures of ZnSe and ZnTe were deposited to assess the agreement between the
measured and predicted performance of these simple optical structures. Several rugate
filter fabrication runs were made where the number of sinusoidal periods varied from 3 to
8. Although certain aspects of these ALE structures were successful, the devices did not
show the optical performance that was expected.

Based on the results of this study, we conclude that, although ALE is capable of producing
high-quality epitaxial films of the zinc chalcogenides, it is not a suitable technique for
fabricating thick IR rugate structures. It appears that the growth kinetics of the ALE
process will limit the growth rate to less than 2 &/s. This rate is simply too slow to be of
practical use for fabricating a structure which is in excess of ~ 20 um in total thickness.
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1.0 INTRODUCTION
1.1 Rugate Filters

Rugate filters are a specific class of gradient-index optical thin-film structures. These
filters employ a sinusoidal index profile to achieve spectral interference effects, as opposed
to standard optical multilayers which use the Fresnel reflection from discrete layer
interfaces to provide a means for the interference phenomena. Rugates reflect a single
wavelength band without the shorter wavelength harmonics observed in conventional
quarter-wave stack filters. As with quarter-wave stack filters, the reflective bandwidth is
proportional to the peak-to-peak refractive index modulation, Np, and the peak reflectance
is proportional to the Np times the number of periodic cycles.

One approach to fabricating rugate structures is to make use of the fact that smoothly
varying index media may be approximated by discrete layers of infinitesimal thickness.
Although infinitesimally thin layers are not possible, a practical limit of 1/(80 n) is useful in
determining the maximum thickness of each individual layer. This so-called "digital®
concept was used in designing and modeling the rugate structures under this program.

ALE was chosen as a possible technique for fabricating advanced optical structures such as
rugate filters because it has several advantages over other deposition methods. Under ideal
conditions, thin films are deposited a single atomic layer at a time, allowing precise
thickness control which is necessary for multilayer rugate fabrication. Film uniformity is
on the same scale as the thickness control. Since films deposited by ALE exhibit bulk
optical and physical properties, these optical thin films are compatible with high-power
laser optics which tend to degrade or destroy structures which contain def~~ts associated
with less than bulk-like thin films,

Currently ALE is used for growing epitaxial or highly-oriented thin films of either III-V or
[I-VI compound semiconductors.}-!1 To insure complete and accurate layer by layer
growth, most workers use long cycle times which correspond to growth rates of between
0.067 and 0.12 &/s. To date, no studies have been performed to calculate a theoretical
maximum for the ALE growth kinetics of these systems. Therefore, it is not clear whether
the ultimate growth rate will be determined by the growth kinetics or by mechanical con-
siderations such as system pumping speed, source to substrate distance and background
pressure during the film deposition.

1.2 ALE Process

The [I-VI compound semiconductors have considerable potential for optoelectronic device
applications. Atomic Layer Epitaxy (ALE) has been demonstrated to be an excellent
technique for growing such II-VI films.!-3 ALE was first described in a U.S, Patent of
Finnish origin filed in 1975,% which describes a method for producing compound thin films
such as ZnS, SnO,, and GaP. The initial work was continued by Pessa's group at the
University of Tampere in Finland. They described various aspects of the technique, in
particular surface analysis studies of the reactions occurring on the substrates,® and
investigations into the crystal structure of the resulting films.?7 -9, Pessa's work
concentrated largely on ZnS and CdTe. ALE growth of ZnSe and ZnTe was first reported by
Yao? in 1986. The first reports on the growth of III-V compound semiconductors by ALE
came from Bedair!0 in U.S. and Nishizawa!! in Japan.
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A thin film of a compound material is grown by ALE by depositing alternating layers of the
constituent elements. At time zero, the first component beam impinges on the substrate. N
The flux of the material should be sufficient to form slightly more than one complete
layer. If the substrate temperature is sufficiently high, only one monolayer of the element
will adhere to the surface, while the rest of the material re-evaporates. This single
monolayer sticks to the surface because the compound bond formed by the monolayer to the
existing surface layer is stronger than the elemental bond formed between the individual
atoms of that particular element. This is illustrated in Figs. 1.1 and 1.2 which show the re-
evaporation rate of the thin-film compounds compared to that of the constituent ele-
ments. After a short time interval, during which the as-grown film is self-adjusting its
stoichiometry, structure and thickness (i.e., reaching equilibrium), the first atomic beam is
terminated and the second elemental beam is turned on. Once again, more than one
monolayer of the second element initially condenses on the substrate surface, but due to the
increased strength of the compound bond (II-VI) with respect to an elemental bond ([I-II or
VI-VI), all but a single monolayer of the element will re-evaporate. This process is shown
schematically in Fig. 1.3, In part (a), the atoms of one particular element strike the
substrate surface and adhere. In (b), one complete monolayer has finally formed. After the
completion of one elemental monolayer, the rest of the atoms in the beam do not stick to
the surface (part c). Next, the same sequence of events occurs using the second elemental
material. This entire process is repeated until the desired film thickness is achieved. Due "
to the controlled nature of this deposition technique, the incremental thickness gain for '
each atomic layer is simply the interplanar spacing in the growth direction.
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Fig. 1.1 Re-evaporation rate as a function of temperature for elemental Zn, S and Se and N
for the compounds ZnS and ZnSe. >
A useful approach to understanding the growth mechanism of ALE is to consider the A
difference between chemisorption and physisorption of atoms on the substrate surface. In
chemisorption, strong forces occur when chemical bonds are formed with a substrate and
the heat of adsorption (AHa ) is negative; i.e., the adsorption of gases and vapors on solids
is an exothermic reaction. déecause chemisorption involves the formation of surface bonds -J
and physisorption is only a van der Waals type of interaction, the heats of chemisorption are
about one order of magnitude larger than the heats of physisorption. -
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Chemisorption is a specific process that usually involves an activation energy. The result is 3

that the process may be slow but it is not readily reversible. Physisorption, on the other 'f.
hand, is usually a rapid process that is readily reversible and quickly reaches equilibrium, PN

Chemisorption depends upon the energy released during the initial physisorption to reduce

PN .

the activation energy. If this barrier is large, the rate of chemisorption at low tempera- N
tures will be slow and only physisorption will occur. At some higher temperature, chemi- e
sorption will be the dominant process and physisorption negligible. At this temperature only N
chemisorbed species are retained on the substrate surface (a single monolayer) while the .
-
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: physisorbed (material > | monolayer) layers re-evaporate. This effect is the driving force s

behind the ALE technique and the reason why only one atomic layer of each element is o~
deposited during a cycle. This also explains why substrate temperature is very important to '
this process. :k?
Y
The zinc chalcogenides (ZnS, ZnSe and ZnTe) are ideal materials for ALE deposition. The !
vapor pressure of the individual elements (Zn, S, Se and Te) are much higher than those of s
the II-VI compounds. This physical property can also be illustrated by considering the re- :::
evaporation rate of the compounds and constituent elements as a function of temperature
(Figs. 1.1 and 1.2). At ~ 350°C, the re-evaporation rates of the compounds (ZnS, ZnSe and oy
ZnTe) are between 5 and 14 orders of magnitude less than those of the individual elements o
which comprise the compounds. This shows that monolayer growth is readily achievable R
with the compounds. Because of the stepwise growth process, ALE deposition of the o~
materials offers particular advantages for the preparation of optical thin films such as .;{:
rugate filters which require precisely controlled and uniform thickness. ”.‘
Because of the equilibrium nature of the ALE growth process we expected the film o~
deposition rates to be slow to moderate. Typical grow rates attained by other workers in 'r.'.r
this field are < 0.15 &/s. If equilibrium is not established during the growth process, the o
excess material can be trapped on the surface by the next elemental beam, disturbing the N
fitm stoichiometry as well as affecting the thickness achieved per cycle. In an effort to LS
maximize the growth rate, we looked at both thermal and laser evaporation as methods to et
get the elemental material from the source holders to the substrate. Laser evaporation is o
known to produce more energetic species in the evaporant plume!? which can speed up the Z;-'.
reaction at the film surface. An added advantage to laser evaporation is more efficient e
source material utilization. Thermal evaporation requires that the sources be kept heated 5

37
Y

while not actually in use, resulting in a low duty cycle for each crucible (e.g., Zn:50%,
Se:25%, Te:25%). Laser evaporation had the advantage of almost instantaneous starting and
stopping of evaporation when the laser is turned on or off. However, Zn and S proved to be
incompatible with laser evaporation using 1.06 ym or 10.6 um radiation. Zn is too reflective
to achieve the desired evaporation rate while S is not absorbing enough. Because of this
problem, we concentrated our efforts on making the thermal evaporation method as
effective, efficient and rapid as possible while still maintaining the equilibrium growth
conditions necessary for ALE.
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2.0 THEORETICAL ACTIVITIES

The theoretical activities performed under this contract involved design and modeling of
the rugate structure using different component systems. The initial design used ZnS and
ZnSe but ZnS was replaced by ZnTe for reasons which will be discussed in the experimental
section of this report.

2.1 Rugate Filter Design

The original rugate design for this project (discussed in the contract proposal) consisted of
16 layers per cycle; where the thinnest and thickest layers were 1994 of ZnSe and 414814 of
ZnS, respectively. This structure was designed to have a stopband wavelength (1) of 10.6
um, an average index (N_) of 2.3 and an index excursion (Np) of 0.2. The spatial period of a
rugate filter (P) is given %y

P =0.51/Ny (1)

so a single cycle of this design is 2.17 um thick. The index profile of a single cycle of this
design is shown in Fig. 2.1. This profile takes advantage of the full available N by allowing
the index excursion to range from pure ZnSe (n = 2.2) to pure ZnSe (n = 2.4). R sixty-cycle
structure using this design requires a 130 ym-thick film which would have a bandwidth of 5%
and a reflective optical density of > 3 (Fig. 2.2). Due to the unique growth mechanism of
ALE, film thickness should be easily controlled in a nanometer range. To fully utilize this
unique advantage, the filter was redesigned to increase the number of layers per cycle. The
resulting design is a 100 layer per cycle structure in which the thinnest and thickest layers
are 158 of ZnSe and 433X of ZnS, respectively. Index vs thickness for a single cycle of this
design is shuwi, in Fig. 2.3. The total thickness and the performance specifications are
identical to that of the previous design (Fig. 2.2). This more "analog-like" structure was
expected to have improved optical hardness characteristics.

SC84 274234
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0 2.17
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Fig. 2.1 Index profile of a single cycle of the ZnS/ZnSe rugate
structure. This l6-layer group is equivalent in spectral
response to a sine wave index variation.
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Fig. 2.2 Spectral reflectivity of 10 cycles (upper curve), 40 cycles \"'
(middle curve) and 60 cycles (lower curve) of the index varia- =
tion shown in Fig. 2.1. The peak reflectivity of the 60-cycle l
structure is 0.9996. o
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Fig. 2.3 Index profile of a single cycle of the "analog-like" design using
ZnS and ZnSe. This structure consists of 100 layers and is
equivalent in spectral response to the design in Fig. 2.1.
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An alternative design consisted of 48 layers per cycle in which the thinnest and thickest .
layers were 204 of ZnTe and 22094 of ZnSe, respectively. The index profile of a single cycle o
of this design is shown in Fig. 2.4. Because of the higher average index (N, = 2.542) of this e
structure, one complete cycle is 2.08 um thick, compared to 2.17 um for the ZnS/ZnSe case. N
This reduces the total thickness by ~ 5 um over the original design. The spectral reflectivity
of a 60-cycle structure using the new design is shown in Fig. 2.5. Because the index excur- o~
sion is slightly higher (Np = 0.28) for the ZnSe/ZnTe system, the bandwidth of the filter is o~
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Fig. 2.5 Spectral reflectivity of 60 cycles of the index variation shown :
in Fig. 2.4. The optical density of this structure is 3.6. N
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A 200 layer per cycle rugate structure using ZnSe and ZnTe was also designed for a stop- ’.
band wavelength of 10.6 um. The previous 48 layer-per-cycle design consisted of a complete w5
excursion between the high- and low-index values (N, = 0.28). Reducing the index excursion oy
to 0.20 reduces the bandwidth from 6% to 49%. F'\g\ﬁ'e 2.6 shows index of refraction versus :'_.
film thickness for a single sinusoidal cycle. Sixty cycles of this design produces a structure -
which has a reflective optical density of ~ 3.6 and a total thickness of 126 um. Figure 2.7 o
shows the reflectivity of the sixty cycle structure between 7 and 13 um. ,-
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Fig. 2.6 Index profile of a single cycle of the ZnSe/ZnTe design. This
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Fig. 2.7 Spectral reflectivity of 60 cycles of the index variation shown
in Fig. 2.6.
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3.0 EXPERIMENTAL ACTIVITIES

The experimental activities performed under this contract were in the areas of refinement
and optimization of the ALE technique as applied to the zinc chalcogenides (including
thermal evaporation and laser evaporation), and application of ALE to the fabrication of an
IR rugate filter.

3.1 Instrumentation

The ALE deposition system (Fig. 3.1) consists of a 10 in. diameter ultra high vacuum system
with a base pressure of 5 x 10-2 torr, The growth chamber is attached to a load-lock and an
analysis chamber. The substrate holder is attached to a rod which can be translated from
the load-tock into the growth chamber or into the analysis chamber. The load-lock allows a
fast turnaround time between experiments by permitting the introduction of new substrates
without venting the main chamber.

$C42543

Fig. 3.1 Photograph of ALE deposition system including load-lock,
growth chamber, and analysis chamber.
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In the thermal evaporation mode, ZnS, ZnSe and ZnTe films are deposited from separate
molecular beam sources containing Zn, S, Se, or Te. In the early stages of the program,
each constituent element was alternately deposited onto the substrate by rotating a shutter,
which contained a single 0.75 in. diameter orifice, into position over the appropriate
effusion cell. A photograph of the thermal evaporation source flange is shown in Fig. 3.2.
This flange is capable of containing three crucibles which have individual power and tem-
perature monitoring feedthroughs. The crucibles are situated inside of a liquid nitrogen
shroud designed to keep the base pressure at a minimum during depositions.

§C42542

Fig. 3.2 Photograph of source flange used during thermal evaporation
ALE depositions.

In later thermali evaporation experiments, a modified source flange was used in which the
rotating shutter described above was replaced by three individual shutters (one over each
crucible). This system utilized a ball-type linkage to couple a rotary motion feedthrough to
each hinged shutter. Each shutter was individually actuated by means of a dc motor
connected to its rotary motion feedthrough. The advantages of this type of design include
conservation of source material by not allowing leakage of the element while it is not in
use; decreasing the background pressure of the chamber during deposition; and decreasing
the time needed to pump away excess material after deposition of each layer.
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A separate flange was used for the laser-evaporated ALE experiments. In this system
(shown in Fig. 3.3), the laser beam was adjusted to enter the vacuum system at a fixed
position. A lens outside of the vacuum focussed the beam onto a source material holder
containing an individual pocket for each element. The laser entered the source flange
through a hole in the side of the liquid nitrogen shroud and the evaporated elements were
directed through the hole in the top of the flange. Instead of rotating a shutter to expose a
particular element as in the case of thermal evaporation, the source holder was rotated to
move the appropriate element into the path of the laser beam. A pulsed Nd:YAG laser was
used to evaporate the source materials. It was capable of delivering 800 mJ (at 1.06 um) in
a 10 ns pulse at a rep rate of 40 Hz.

SC42541

Fig. 3.3 Photograph of source flange used during laser evaporation
ALE depositions.

The evaporation control system (Fig. 3.4) used with the rotating orifice thermal evaporation
flange and the laser evaporation flange consisted of a Compumotor model 2100 stepper
motor controller which was interfaced via an RS232 serial line to an IBM-XT computer.
The stepper motor has its own command language through which a wide variety of functions
can be executed. The control program, running from the IBM-XT, is responsible for
calculating the number of atomic layers which make up each compound layer. This number
is a function of the lattice constant of the material as well as the ALE growth direction.
After calculating the appropriate values for the entire rugate cycle, the program
downloaded the information necessary to run the stepper motor; received feedback from the
stepper motor controller concerning the status of the shutter movement; and kept track of
the rugate cycle number, compound layer number, and atomic layer number which was
currently being deposited.
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Fig. 3.4 Schematic diagram of the evaporation control system used \
during thermal evaporation with the rotating orifice shutter 3
and during laser evaporation depositions. !

In the case of the individually controlled shutter system, a computer-controlled relay board
activated a dc motor on each rotary motion feedthrough (Fig. 3.5). The computer !
communicated with the relay card via a digital I/O line. The dc motors were fitted with )
two limit switches which opened the electrical circuit and stopped the feedthrough rotation )
at the appropriate opened or closed position. The original control program was modified to
send the correct commands to the relay board to activate the shutter system. Except for
monitoring the amount of source material remaining in the effusion cells or in the laser
evaporation container, the process was completely automated.

41780 O
N HINGED .
2 SHUTTERS (3}
SHROUD
1BM-XT \ .
CONTROL ,
PROGRAM v
SOURCE
DIGITAL
170 LINE FLANGE N
-
12 vDC DPOT |
Aol RELAY BOARD 3
ROTARY MOTION .
FEEDTHROUGHS(3) .
DC MOTORS (3} .
WITH UMWY >
SWITCHES ,

Fig. 3.5 Schematic diagram of the evaporation control system used .
during thermal evaporation with individually controlled
shutters.
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3.2 Thermal Evaporation

ALE is a new growth technique, and material development was a crucial part of this
program. Preliminary work in this area was performed under Rockwell International IR&D
prior to the contract start. This work resulted in the definition of a range of growth
parameters (substrate temperature, effusion cell temperature, and duration of exposure of
the substrate to each element) under which high quality epitaxial films of ZnS or ZnSe were
deposited. As a result of the progress made during these preliminary experiments, we
concentrated our initial efforts on determining the optimum growth parameters for the ALE
growth of zinc chalcogenide films. Because of the inherently slow growth rate of the ALE
process, we also wanted to determine the maximum cycle speeds under which equilibrium
growth conditions could still be achieved. In addition, to efficiently and effectively
fabricate an IR rugate filter using ALE, a single set of growth parameters must be
determined which will give the best results for the two compounds used in the optical
structure. The last important task in the development stage of the contract was to examine
the unique features of ALE, the monolayer growth mechanism, film thickness control, and
film uniformity.

ALE films of ZnS, ZnSe and ZnTe were grown on (100)-oriented GaAs substrates from
thermal evaporation sources containing the constituent elements. A useful test to confirm
the monolayer growth of ALE is to plot thickness versus the number of cycles (1 Zn layer, |
group VI layer) completed. If the deposition proceeds in a stepwise manner, then the slope
of the line should be a/2 for the (100) growth direction; where a is the lattice constant of
the zincblende material. Figure 3.6 shows such a graph for ZnSe on GaAs(100). The solid
line represents ideal growth (2.83 &/cycle) and is almost identical to the observed data.
Similar plots for ZnS and ZnTe on GaAs(100) are shown in Figs. 3.7 and 3.8, respectively.
For ZnS, ideal growth is 2.70 &/cycle and 2.05 &/cycle for ZnTe. Again, the film thickness is
extremely close to the expected values. Film thickness was measured using a Dektak II
stylus profilometer, spectrophotometric data, and ellipsometric analysis. These results
clearly show that only one molecular layer is deposited during a single shutter cycle.

CIeI7e
3000 T T T T T T =T

2000 - T

1000} .

FILM THICKNESS (A)

- 4

L J L A L
0 125 250 375 500 625 760 875
NUMBER OF CYCLES

Fig. 3.6 Film thickness vs the number of completed cycles for ZnSe
grown on GaAs(100) by ALE. The solid line represents ideal
growth for this system (2.83 &/cycle). The data points closely
follow that of the idealized growth.
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The optical properties of the zinc chalcogenide films were characterized using . X
spectrophotometry and ellipsometry. Transmission data, taken from 0.88 to 2.6 um (Figs. N
3.9-3.11), showed that the thin films absorbed very little in this spectral region. Comparing -
the transmission of the film covered substrates to that of clean GaAs gives an upper limit ,
of ~ 1 cm-! for the absorption coefficient of all three compounds. Data obtained from a -
rotating-analyzer ellipsometer (at 0.63 um) in addition to spectrophotometric data were !._
used to calculate the index of refraction of the ALE-grown films. Values of 2.35, 2.55 and Y
2.96 were obtained for ZnS, ZnSe and ZnTe, respectively; which are in excellent agreement N,
with bulk values of 2.345, 2.581 and 2.967, respectively,!3 -~
3
Information on the film crystal structure was obtained by x-ray diffraction (XRD) using a ™
Phillips instrument utilizing CuK _ radiation to measure peak position in the range 20° < 26 < L
100°. Initial scans of the clean {100)-oriented GaAs substrates showed only the (400) peaks -3

at ~ 66.4°, After the deposition of 54084 of ZnS, the XRD spectrum showed a peak due to .'
ZnS (200) planes as well as the original GaAs substrate peaks (Fig. 3.12). The full-width at

half-maximum of the ZnS peak was 0.2°, indicating high crystalline quality. :'.-
{
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XRD spectra were also taken of ZnSe films of varying thicknesses on GaAs(100), but
because of the close lattice match of these two materials (ZnSe: a = 5.6694; GaAs:
a = 5.6534), only a slight broadening of the GaAs

substrate peak was seen (Fig. 3.13). However, the T 0
intensity of the (400) peak is the same for both

clean and ZnSe-coated samples. [f the ZnSe films GaAs (400)]

had been amphorous, thus exhibiting no diffraction ZnSe (4001 {\—___

peaks, the intensity of the substrate peak of the
film-covered sample would have been measurably
reduced. No other diffraction peaks were ob-
served, indicating that the ZnSe film growth was
in the same direction as the substrate.

INTENSITY (ARB. UNITS)

Fig. 3.13

XRD spectrum of ZnSe on GaAs(100). Because of
the small lattice mismatch (- 0.2%) between the

film and the substrate, the XRD peaks of the two J [
materials are superimposed. ‘
68 67 66° 65
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Figure 3.14 shows the XRD spectrum of a 3000 A-thick film of ZnTe on GaAs(100). In this
instance the ZnTe peak (60.6°) is visible because it is not as well lattice-matched to GaAs.
The low intensity GaAs(400) peaks at 63° and 63.5° are due to diffraction of WLa, and WLa,
radiation, respectively. The ZnTe peak is from the CuK radiation. The full-width at half-
maximum of the ZnTe diffraction peak is ~ 0.4° indicating good crystalline quality. The
XRD data of all three compounds are consistent with epitaxial growth on a single crystal
substrate,

3C41 748

InTe (400}

INTENSITY (ARB. UNITS)

GaAs (400}

GsAs

1 I A .

64° 63° 62° 61° 60° 69° 58° 87°
20 (DEGREES)

Fig. 3.16  XRD spectrum of ZnTe on GaAs(100). The only peaks
present are those of the substrate (~ 59°, ~ 63°)
and the [100] oriented ZnTe film (~ 61°).

Laue x-ray backscattering was also performed on clean and film-coated substrates. This
technique enables one to compare the crystal orientation of the epitaxial layers to that of
the single-crystal substrate. Since this technique is inconclusive for very thin films, only
samples where the film thickness was > 50004 were examined. (100)-oriented zincblende
materials exhibit a four-fold symmetric pattern such as the one shown in Fig. 3.15. This
identical pattern was seen on clean GaAs and on substrates containing ZnS, ZnSe or ZnTe
films. The lack of change in the pattern is due to the fact that a "white" x-ray source was
used; so when the orientation of the film and the substrate is identical, the diffraction spots
of the two materials are superimposed. The absence of a second set of four-fold symmetric
spots (rotated with respect to the substrate spots) indicates that the zinc chalcogenide films
were also grown in registry with the GaAs substrate {i.e., the film lattice is not rotated
with respect to the substrate lattice). These data in conjunction with the XRD results
indicate that the ALE-grown ZnS, ZnSe and ZnTe films were high quality epitaxial layers
which grow in the same direction and orientation as the substrate.
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Fig. 3.15 Typical Laue x-ray backscattering photograph of a (100)-
oriented zincblende structure. This pattern was seen for
clean GaAs(100), and on GaAs substrates after depositions
of (> 50004) ZnS, ZnSe and ZnTe.

The zinc chalcogenide thin films, which were described above, were grown over a range of
growth conditions. For example, the substrate temperature for the ZnS and ZnSe films
were in the range of 300-400°C and 275-375°C, respectively. After establishing the quality
of these ALE-grown thin films, experiments were performed to determine what single set of
growth parameters would optimize the growth of both Zn$S and ZnSe. The optimum
parameters for each individual compound are not necessarily identical, so intermediate
values which work best for both compounds were determined. This was accomplished by

looking at film quality, thickness uniformity, and thickness control as a function of growth *
parameters. The optimum temperatures of the Zn, S, and Se effusion cells, which were i
determined by growing the individual compounds, can be used in the rugate fabrication 2
because the temperature of each cell can be individually controlled. Likewise, the amount :d‘"'
of time the substrate is exposed to each element can be the same during rugate fabrication va
as In the growth of each compound. However, the optimum substrate temperature for ::.
growing ZnS is not the same as that for ZnSe. The most effective temperature for the e
filter structure would be a value intermediate between that of the individual compounds. A >

series of ZnS and ZnSe films were grown in the temperature range 325-375°C. These films
were characterized to determine at what single temperature the two compounds were most
bulk-like in their properties. This temperature, as well as the growth parameters previously
determined, were deemed the optimum parameters for the ALL growth of both ZnS and
ZnSe and are listed below:
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Substrate temperature:

Zn crucible temperature:

S crucible temperature:

Se crucible temperature:

i 2.5 s XSe) exposure

it 0.5 s pause
iii 2.5 s Zn exposure
iv Repeat above

A similar set of experiments was performed to determine the optimum substrate tempera-
ture for the ZnSe/ZnTe system. Since the vapor pressure of ZnTe is higher than that of
ZnS, a lower range of temperatures (285-345°C) was examined. The optimum parameters
for ALE growth at ZnSe and ZnTe multilayer structures are as follows:

a. Substrate temperature: 305°C
b. Zn crucible temperature: 285°C
c. Se crucible temperature: 195°C
d. Te crucible temperature: 295°C
e. Timing scheme:
i 3.3 s Se exposure
1 1.0 s pause
it 3.3 s Zn exposure
iv 1.2 s pause
v 3.3 s Te exposure
vi 1.8 s pause
vii %% s Zn exposure
viii Repeat (i) - (vii).

3.3 Laser Evaporation

Although thermal evaporation is a simple, dependable technique to get material from a
crucible to the substrate, it poses certain limitations on the ALE process. The two most
serious setbacks are crucible duty cycle and slow growth rate. For these reasons,
experiments were conducted to determine the feasibility of using a laser to evaporate the
elements during ALE depositions. Laser evaporation is known to produce more energetic
species in the evaporant plume than more conventional techniques, in addition to com-
pletely dissociating most molecular species.!? These excited atoms could decrease the
amount of time needed to reach equilibrium conditions during the ALE process, thus allow-
ing a faster cycle time. In the ALE process, only one element is deposited at a time.
Because of the lag time associated with heating and cooling a large thermal mass such as a
crucible, it cannot be turned off when not in use. Thus, material from one elemental source
continues to evaporate when that element is not needed. Laser evaporation solves this
problem since evaporation stops almost instantaneously when the laser beam is turned off.
If one laser is used to evaporate material during ALE depositions, then source material is
futly utilized since it is not being evaporated when not needed.

st

The feasibility of using laser evaporation with the zinc chalcogenides was first investigated
by conducting evaporation tests of the different elements outside of the vacuum system.
This was accomplished by placing a small target of Zn, Se, Te or S in quartz containers and
exposing the element to the laser beam. A pulsed Nd:YAG laser capable of delivering
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800 mJ in a 10 ns pulse at a rep rate of 40 Hz was used in this study. However, for the
initial tests, a rep rate of 10 Hz and a pulse width of 100 ns was used. In the case of Se,
reddish material could be seen evaporating from the target with each laser pulse. We
determined that effective Se evaporation can be achieved with laser energies between 400
and 700 mJ/pulse. Elemental Te evaporated much more readily due to its extremely large
absorption coefficient (105 cm-!) at 1.06 um. Laser energies between 100 and 300 mJ/pulse
produced large Te fluxes. Elemental S could not be evaporated even with the laser at full
power. Frequency doubling the laser light was used in an attempt to create more free
carriers, thus increasing the absorption at 1.06 um. This did not work because the band gap
of S is 3.6 eV, so creation of free carriers with 0.53 um radiation is still a multiphoton
process. Elemental Zn required almost full power to achieve any sign of evaporation, due to
its high reflectivity at 1.06 um. This low absorptivity would require long exposure times to
ensure that sufficient Zn reaches the substrate. Because Zn is required for any of the three
compounds, Zn evaporation would become the bottleneck step of the process. It was finally
determined that elemental laser evaporation was unsuitable for our material system and
that thermal evaporation would be the method of choice.

3.4 Optical Structures

Based on the results of the laser evaporation experiments, the decision was made (o
concentrate on thermal evaporation for the contract duration. However, instead of
returning to the originally proposed ZnS/ZnSe system we continued to work with ZnSe and
ZnTe, for several reasons. Elemental S has an extremely high vapor pressure making it
difficult to control the flux at low crucible temperatures. Te, on the other hand, has the
lowest vapor pressure of these group VI elements, making it highly suitable for thermal
evaporation and easier to control. In addition, the ZnSe/ZnTe system has a higher average
incea (N, = 2.54). The result is that each sinusoidal cycle is thinner than in a lower N
system, Since the growth rate of ALE is slow, this is an important consideration. The
higher N, also means that the same optical density can be achieved with fewer cycles than
a system with low N,. Lastly, the optimum substrate temperature of the ZnSe/ZnTe system
was lower, making it more compatible with deposition on any temperature-sensitive devices
or substrates.

We attempted to fabricate :wo types of optical structures during this part of the contract.
Initially, quarter-wave stacks of between 2 and 6 alternating layers of ZnSe and ZnTe were
deposited. These structures have fewer interfaces compared to a rugate filter, making it
easier to interpret the results of characterization techniques such as XRD, Laue x-ray
backscattering and spectrophotometry. Rugate structures of 3, 5 and 8 sinusoidal cycles (40
layers/cycle) were attempted after the quarter-wave stack experiments.

3.4.1 Quarter-Wave Stacks

Quarter-wave stacks with stopband wavelengths of 1.0 or 1.3 um were grown using ALE.
The 1.0 um structures consisted of alternating layers of ZnSe and ZnTe which were 10064
and 8554, respectively. The ZnSe and ZnTe layer thickness was increased to 1302& and
11894, respectively, in the 1.3 um filters. The total number of alternating layers in both
types of structures ranged from 2 to 6.

The measured and predicted transmittance of a 1.0 ym structure is shown in Fig. 3.16. This
spectrum is typical of the quarter-wave stacks in that the average transmittance is ~ 0.45
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indicating little absorption in the ZnSe and ZnTe layers. The XRD spectrum of the same
multilayer structure is shown in Fig. 3.17. The ZnSe peak (~ 66°) is once again covered by
the GaAs substrate peak but the diffraction peak due to the (400) planes of ZnTe is seen at ~
" 61°. This peak is much broader and has a distinct shoulder compared to the previous single

layer ZnTe films (Fig. 3.14). The shoulder occurs at higher 26 values indicating a movement .

to smaller interplanar spacings. This is probably the result of compressive stress on the j
N ZnTe film due to the smaller lattice constants of the GaAs substrate and the ZnSe films. y
. The width of the diffraction peak indicates that there is a distribution of lattice constants phy

&
through the ZnTe layers.
. 3C42244
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) Fig. 3.16 Measured (squares) and predicted (smooth line) spectral N
transmission of a 6- layer quarter-wave stack of ZnSe/ZnTe
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The measured thicknesses of the multilayer quarter-wave stacks were compared with the
predicted thickness based on the number of atomic layers of each compound deposited. Of
the six structures fabricated during this phase of the contract, the measured thickness
varied from 10% less than predicted to 5% greater than predicted. Since the uncertainty of
thickness values obtained from the Dektak II stylus profilometer are sensitive to the siope
of the step being measured as well as the roughness of the film and the substrate, the
measured values were considered to be within experimental error of those expected.

One of the quarter-wave stacks was cleaved and a scanning electron microscope was used
to perform elemental analysis (EDX) from an edge-on view of the sample. This structure
should be composed of 50% (atomic) Zn, 29% Se and 21% Te, based on the expected
thickness of the layers comprising the structure. The measured composition was 49% Zn,
39% Se, 12% Te indicating a deficiency of Te. [t was not known whether the deficiency was
due to a cumulative error in each of the ZnTe layers or a large error in a single layer.

3.4.2 Rugate Structures

After the completion of the quarter-wave stack experiments, rugate structures consisting
of 3, 5 and 8 sinusoidal cycles were attempted. These structures were comprised of 40
layers/cycle. The 3- and 5-cycle structures were designed to have stopband wavelengths at
1.06 um while the 8-cycle structure was at 1.5 um. The design was derived from a 60 layer
per cycle structure. Any individual layer which was less than 6& was discarded and the two
adjacent layers were combined. This procedure resulted in 40 layers/cycle where the
thinnest layer was ~ 64 and the thickness layer was ~ 3628, The average index (N_) of each
design was 2.628 while the index modulation (N ) was 0.29.

Because of the slow growth rate (0.40 &/s), the five-cycle rugate was deposited over a two-
day period. The first two cycles were completed on the initial day and the final three
cycles were deposited on the second day. The substrate and the film were left at the
growth temperature (305°C) and under vacuum during the time between the depositions.
The film was lightly ion-bombarded (20 min of 0.5 kV Ar") to clean off any contamination
resulting from the delay before the second half of the deposition. The expected thickness
of the five-cycle structure was 1.0l um. The actual thickness was 1.02 um as measured by
the stylus profilometer. The measured and predicted transmittance of this structure is
shown in Fig, 3.18. A minimum is seen at 1.06 ym but it is distorted due to the large
dispersion and cutoff of the GaAs structure at 0.9 um. The average transmittance of the
structure is ~ 0.6 from the band edge out to 2.5 ym, indicating little absorption in the ZnSe
and ZnTe layers.

The XRD spectrum of this structure showed no sign of the ZnTe feature seen in the quarter-
wave stacks (Fig. 3.17). In addition, EDX measurements obtained by cleaving the sample
and viewing on edge indicated the film composition was 50% Zn, 47% Se and 3% Te, far
short of the 50:28:21 ratio which was expected. [t is not known how the total film thickness
can be less than 1% from the predicted value and the stoichiometry be so different. This
behavior follows the trend seen in the quarter-wave stacks but to a much greater extent.

The eight-cycle rugate structure was moved to an arbitrary stopband wavelength (1.5 um) to
avoid the problems of large dispersion and cutoff of the GaAs substrate in the 1.06 um
region. This structure was grown over a five-day period by the same technique as described
above. The expected thickness of this filter was 2.308 ym while the measured thickness was
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Fig. 3.18 Measured (squares) and predicted (smooth line) spectral
transmission of a 5-cycle rugate filter with a stopband
wavelength of 1.06 um,
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transmission of an 8-cycle rugate filter consisting of ZnSe
and ZnTe with a stopband wavelength of 1.5 um.

2.309 um. The measured and predicted transmittance of the structure is shown in Fig. 3.19.
Although there is a minimum at ~ 1.45 ym, the overall spectrum is far different than expec-
ted, such as an average transmittance of only ~ 0.3. The XRD spectrum of this structure is
shown in Fig. 3.20. Once again there is no trace of a ZnTe feature, but there is a shoulder
at ~ 31.2° which is indicative of ZnSe. This feature (due to the 200 planes of ZnSe) may be
visible because of the tensile stress felt by the ZnSe layers due to the ZnTe. EDX measure-

ments showed the film composition to be 50% Zn, 45% Se and 5% Te. Once again the layers
of ZnTe are much

thinner than expected.
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- Fig. 3.20

XRD spectrum of the 8-cycle

rugate filter shown in Fig. 3.19.
GaAs (200)

Following  completion of the
technical effort, fundamental
analysis work was performed under
a generic IR&D program. This
included more in-depth analysis of
rugate and quarter-wave structures
fabricated under this program and
growth and analysis of simple
alternating layer samples to study
relative nucleation rates. The
following IR&D results are reported
£ — L) here for completeness. X-ray
20 (DEGREES) photoelectron spectroscopy (XPS)

was used to obtain a quantitative

measure of the relative stoichiometry of the film. Figure 3.21 shows a survey spectrum of
the rugate structure with binding energies between 0 and 1200 eV. The important features
in this spectrum are enlarged in Figs. 3.22 - 3.24. Quantitative analysis was performed
using the relative peak areas of the Se 3d feature (60 eV; Fig. 3.22), the Te 3d5 2 and 3dj;;
features (578 eV, 588 eV; Fig. 3.23) and the Zn 2p3/2 and 2pl/2 features (1027 eV 1052 e(’
Fig. 3.24). After correcting [~ the relative cross section of each photoelectron excitation

ZnSe (200)

INTENSITY (ARB. UNITS)

8Ca1707

20.000

COUNTS

10.000

o ‘ L 1
1000 800 800 400 200 [}
BINDING ENERGY (eV)

Fig. 3.21 XPS survey scan of the 8-cycle rugate structure.
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and the relative escape depth of the emitted photoelectron, a ratio of 51% Zn, 32% Se and
17% Te was obtained. Since the interaction depth of the XPS experiment (~ 30&) is much
less than that of EDX (- | um), the results of the two experiments do not necessarily dis-

agree. However, the fact that the ZnTe portion of the multilayer structure is too thin is
quite evident in both resulits,

CarTe4

COUNTS

1] i 1 1 — L 1 '
88 80 7% 70 66 60 -1 60 48 40 38

BINDING ENERGY (eV)

Fig. 3.22 XPS spectrum showing the peak due to Se 3d electrons
(~ 60 eV).

2600 warre

COUNTS

1w+ L a1

800 590 580 670 560
BINDING ENERGY (oV)

Fig. 3.23  XPS spectrum showing the peaks due to Te 3dy ;. (- 578 eV)
and Te 3d 3)2 (- 588 eV) electrons.
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Fig. 3.24 XPS spectrum showing the peaks due to Zn 2p3/2
(~ 1027 eV) and Zn 2p.2 (~ 1052 eV) electrons.

Exactly why the multilayer optical structures grown by ALE did not perform as expected is
not known at this time. However, several points are very clear. All of the elemental
analysis techniques performed on the quarter-wave stacks and the rugate structures
indicate that there is a problem with the ZnTe layers. This shortage of ZnTe is much more
pronounced in the rugate structure than in the quarter-wave stacks. One expianation of this
result, which is consistent with the observed data, is that there is a problem with the
nucleation of ZnTe on an existing ZnSe layer. The quarter-wave stacks have far fewer
ZnTe/ZnSe interfaces, making the effect much less noticeable than in the rugate
structures. Related work on ZnSe/ZnTe multilayered structures grown on InP(001) indicate
that nucleation of the Te layer on an existing ZnSe film takes longer than on a ZnTe film.
This is probably due to the interaction of the evaporant soecies (Te,) with the film
surface. Another possible explanation is that the optimum growth parameters determined
for the single compound films are not applicable to the multilayer structure. Substrate
temperature plays a vital role in the ALE process, so if the temperature is not ideal for
both compounds, the nucleation step of the growth mechanism is likely to be affected. We
are certain that multilayer structures using ALE are possible and that this technique can
fabricate high-quality superlattices just as effectively as individual compound layers.
However, more work will have to be performed in order to identify and solve the nucleation
problem.
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4.0 PROGRESS SUMMARY

The technical progress achieved during this program was in the areas of ALE development
of zinc chalcogenide materials and application of ALE technology to IR rugate fabrication.
In summary we

l.  Successfully grew high quality ZnS, ZnSe and ZnTe thin films on (100)-oriented
GaAs by thermal evaporation ALE.

2. Conducted exploratory experiments in the area of laser evaporation ALE of zinc
chalcogenide materials and found this method to be incompatible with the
increased deposition rate requirements for IR rugate fabrication.

3. Had limited success in depositing optical interference device structures by the
ALE technique.
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5.0 TECHNICAL ISSUES

Some of the most important technical issues facing the use of ALE as a method for
fabricating IR rugate filters are growth rate, source material utilization and mechanical
reliability of in-vacuum equipment. In order to be a viable technique for fabricating the ex-
tremely thick films (> 150 um) needed for high performance IR rugates, any deposition
method must have rates approaching 5-10 &/s. Because of the large thickness of these fil-
ters, source material must be efficiently utilized in order to complete the thick structures
without having to break vacuum and replenish source material. In addition, the large num-
ber of cycles needed to achieve high performance dictates that many individual layers be
deposited if the filter is a "digital" type. This makes mechanical reliability of in-vacuum
equipment such as shutters, rotary motion feedthroughs and any moving parts, subject to
failure because of the long run times and the large amount of material which must be
deposited.

Previous work on the ALE-growth of zinc chalcogenide materials!* reported exposing the
substrates to each element for 7-14 s with an ~ 5 s pause between elements. This algorithm
would result in a range of growth rates between 0.12 and 0.075 &/s; much too slow to be a
practical method of depositing thick films. Some important considerations in increasing the
growth rate would be; ) minimizing the source to substrate distance to reduce material
transit time, 2) maximizing system pumping speed to reduce the time needed to pump away
any excess re-evaporated material; and 3) designing an evaporation system which could
produce short, compact bursts of elemental material from the source. These are
engineering probiems which can be addressed and optimized during the design and
construction of the ALE growth chamber. However, the limiting step in the ALE growth of
any compound may be the nucleation and ;, >wth kinetics at the substrate surface. Because
of the equilibrium requirements of this growth technique, any deposition which takes place
under nonequilibrium conditions will result in nonuniform or incomplete coverage of the
atomic layers. The end result will be loss of thickness control, alteration of stoichiometry
and degradation of the film properties. During this program we attempted to optimize the
growth parameters to achieve the maximum attainable growth rate. This work resulted in
an effective growth rate of between 0.35 and 0.45 3/s, a significant improvement over the
previously reported rates.

An additional requirement for any deposition technique to become a practical means of
fabricating IR rugate structures is efficient utilization of source material. In ALE, this is
particularly important since only one element is needed at any given moment. Laser
evaporation was investigated as a means of conserving source material but S and Zn proved
to be incompatible with laser evaporation with 1.06 or 10.6 um radiation. In order to con-
serve material while using thermal evaporation, a method to prevent leakage of material
while it 15 not needed must be used. We modified our original thermal source flange by
replacing a single rotating shutter, which allowed unneeded material to escape the crucible,
with individual shutters over each source. This method proved adequate at minimizing the
amount of material lost during crucible dead-time. A more effective source design to
reduce material loss and increase beam control would be the use of MBE-type effusion cells
which have small needle valves that control the escaping material. The valve portion of
these cells are heated so that material does not condense and clog the orifice. In addition
the valve seal is sufficient to prevent any leakage of material while the valve is closed.
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During thermal evaporation ALE, each shutter must open and close during the deposition of :2'_
each atomic layer of that element. Because of the large number of atomic layers which ¥
make up a rugate structure (e.g., 1.4 « 106 atomic layers in 100 cycles of the design in Fig. ’
2.6) mechanical reliability of rotary motion feedthroughs and shutters is extremely Iy
important. The design of any linkage which connects the shutter to the motor outside of f.'
the vacuum should be direct drive, having as few components as possible. This limits the _':-s.
number of possible failure points and simplifies repair and maintenance. 2
’
Although laser evaporation did not work with a Nd:YAG laser at powers less than 800
mJ/pulse, this type of evaporation may be feasible at different wavelengths or with a more N
powerful laser. Because of the large differences in the absorption coefficients of Zn, Te Ny
and Se, a variable attenuator would be necessary to limit the power used during the evapo- s
ration of the more absorptive elements. However, if the laser power is sufficient to provide 9
a reasonable flux of Zn, then many of the advantages of laser evaporation such as energetic ",
evaporant species and excellent evaporation control could be realized. ]
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6.0 DISCUSSION AND CONCLUSIONS

The objective of this program was to determine the feasibility of using Atomic Layer
Epitaxy as a deposition technique for fabricating IR rugate structures. [t was known from
the outset that ALE, as commonly practiced, possessed the disadvantage of low growth
rate, but it was believed that the high-quality epitaxial films and extremely precise
thickness control would outweigh this disadvantage. ALE growth of single compound films
such as ZnS, ZnSe and ZnTe did produce superior quality epitaxial thin films on GaAs (001)-
oriented substrates. However, more work would have to be performed before multilayer
structures of any two of these materials could be routinely deposited. The optimum growth
conditions established for single compound films do not appear to be applicable to the
multilayer structures. The most important consideration appears to be the additional time
required for proper nucleation when depositing ZnTe on ZnSe. It is not known at this time
why this interface does not equilibrate at the same rate in both directions. If a means of
achieving correct nucleation can be found, ALE is capable of producing high-quality
epitaxial superlattices of the zinc chalcogenide materials. Even after solving the interface
problem, the single most important factor for utilizing the technique will still be growth
rate. It appears that the growth kinetics for proper ALE growth will limit the growth rate
to ~ 2 &/s. This rate is simply too slow to be of practical use for fabricating a structure
which is in excess of about 10-20 um in total thickness.

Even with the limited results obtained with ALE under this contract, there are applications
for which ALE is extremely attractive. High-quality epitaxial films could be used in guided
wave optics where crystalline perfection and bulk-like properties are important. Thin-film
devices (< 10 uym) containing II-VI compound semiconductors, in which film quality and film
thickness :ntrol are essential, are also good candidates for ALE growth. Our conclusions
are that, although ALE is capable of producing high-quality epitaxial thin films of ZnS, ZnS

and ZnTe, and possibly multilayer structures, it is not practical for use as a technique for
fabricating thick IR rugate filters,
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