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ABSTRACT 

Plans for the six main technical tasks of this 12-month program are discussed 
and the activities of the first three months a re  summarized. 

A new reactor system for growing thin films of InP by the metallor-ganic- 
hydride chemical vapor deposition (MO-CVD) process has been completed. Experi- 
ments using triethylindium (TEI) and phosphine (PH3) reactants in a H 2  carr ier  gas 
have shown that InP films can be successfully grown .over a range of deposition 
temperatures. 

Epitaxial growth of single-crystal films has been obtained on at least two 
different crystallographic orientations of single-crystal GaAs at  temperatures as  
low a s  -52'50C, and there is evidence that the process can be utilized at  even lower 
temperatures - perhaps below -4750C. Films not intentionally doped a re  n type, 
with measured carrier concentrations in the 1016 cm-3 range and electron mobilities 
up to -2000 cm2/~-see  (room temperature). 

Initial investigations involve single-crystal substrates (GaAs, sapphire, InP) 
but various low-cost materials - glasses, alumina ceramics, metals, and certain 
composites of these - are  being selected and evaluated for subsequent use in the 
program. Specific candidate materials a re  discussed. 

The program also involves the formation and evaluation of heterojunction 
photovoltaic device structures using the InP layers formed by MO-CVD and deposited 
films of CdS, ZnCdS, and similar 11-VI compounds and alloys; this work is done 
at  Stanford University. During the first quarter, two techniques for producing ohmic 
contacts of Au/Zn/Au on p-type InP were successfully developed, with low contact 
resistances being achieved following annealing in H2 at temperatures up to 475O~. 

Planned work for the next quarter is outlined. 
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1. INTRODUCTION 

The long-range objective of the National Photovoltaic Conversion Program. is to 
develop low-cost reliable photovoltaic systems and to stimulate the creation of a viable 
industrial and commercial capability to produce and distribute these systems for wide- 
spread use in residential and commercial applications. 

Two of ERDA's specific technical objectives that relate directly to the present 
program a r e  (1) to conduct research, development, and demonstrations to show a 
factor of ten reduction in solar a r ray  prices and to establish the viability of this 
technology in the latter half of this decade (i. e. ,  by 1980), and (2) to conduct a focused 
research and development effort on advanced technologies for photovoltaic devices that 
show a potential reduction in solar a r ray  prices by a factor of 100 o r  greater. 

Specific goals of the national program include establishment of total solar a r r ay  
production capacities of (1) 500 peak Mw per year of solar a r r ay  modules a t  a market 
price of less  than $500 per peak Kw by F Y  1985, and (2) 5 x 1 0 ~  peak Mw per year of 
solar a r r ay  modules a t  a market price of $100 to $300 per peak Kw by, F Y  2000. 

The ERDA strategy behind the program is to use every avenue possible to 
reduce the cost of efficient photovoltaic production of electrical energy from solar 
radiation. One of the most interesting conceptual methods of solar. energy conversion 
is to build a r rays  of extremely low-cost thin-film photovoltaic cells of relatively high 
efficiency and long life, but a number of practical ba r r i e r s  have to date hindered this 
approach. This program is intended to. help overcome such technical barriers .  

It is a goal of the ERDA program that the low-cost photovoltaic cell configuration 
emerging from research and development programs such a s  this exhibit solar conver- 
sion efficiencies of 10 percent under air-mass-one (AMI) conations within the next 
five years. This technical goal may not be achieved during the performance period of 
a twelve-month contract, but it will provide a continuous guideline for conduct of the 
program. 

1,1 CONTRACT OBJECTIVES 

Th.e overall objective of this contract is to conduct fundamental studies which 
lead to a low-cost, high-energy-conversion-efficient, long-life photovoltaic cell using 
a polycrystalline film of indium phosphide (InP). 

The specific technical objectives for the program a r e  as follows: 

1. Development of the metalorganic-hydride chemical vapor deposition (MO-CVD) 
process for growth of good-quality single-crystal o r  polycrystalline films of 
InP on selected low-cost substrate materials 

2. Evaluation of the structural, electrical, and optical properties of the 
resulting InP films. 



3. Formation of heterojunction device structures by deposition of films of 
other semiconductors on the InP films, and evaluation of the photovoltaic 
properties of these composites 

4. Analysis and projection of future costs of large-scale quantities of 
photovoltaic solar cells made by the process. 

The following specific activities a r e  required by ERDA in the pursuit of the above 
objectives: (1) deposition of films of InP on the selected substrate(s); (2) measurement 
of the pertinent mechanical, electrical, and optical properties of the films, with special 
emphasis on adherence, morphology, uniformity, doping, ca r r i e r  concentration, 
mobility, lifetime, and properties of the electrical contact adjacent to the substrate; 
(3) determination of the cost, quality, and requirements of the feedstock materials 
used in preparing the films; (4) performance of studies which include (a) refinement 
of the selection of appropriate low-cost substrates, (b) deposition of filrris 011 the few 
substrates so selected, (c) determination of the film properties in terms of qua~~lilalivt! 
physical parameters, and (d) modification of these parameters in a manner aimed 
toward the production and deployment of high-efficiency photovoltaic solar cells capable 
of being scaled to an  annual production of 50,000 ~ w / y e a r  by the year 2000 a t  a selling 
price of $100-200/peak Kw %?ithout .creating inordinate technical and economic 
problems; " (5) within three months from the inception of contract, begin producing 
films and supply a minimum of 4 cm2 of current production each month thereafter to 
ERDA for whatever purpose ERDA deems suitable, the number and shape of the 
samples to be representative of that month's output; and (6) projection of the results 
obtained in each quarter into refinement of the conceptual model of the physical 
system, stating in the required reports the implications of redirection of the on-going 
study, with the final report stating the contractor 's  view of the work which still needs 
to be done and the approach suggested. 



1.2 InP AS A SOLAR CELL NlATERlAL 

Conversion efficiencies well in excess of 10 percent have been demonstrated in 
solar cells fabricated in single-crystal forms of several semiconductors, but there 
a r e  only a limited number of semiconductors that offer reasonable likelihood of achiev- 
ing such efficiencies in thin polycrystalline films deposited on low-cost substrate 
materials. InP has shown considerable promise a s  a single-crystal solar cell material, 
and technical considerations indicate strongly that it is an excellent candidate for 
successful attainment of the required technical and cost goals in a thin-film 
configuration. 

In the years  since the modern e r a  of photovoltaic cell development began in the 
early 1950fs, considerable research and engineering development have gone into 
achieving improvements in the single -crystal Si solar cell and into developing experi - 
mental cells of single-crystal compound semiconductors. T.he Si cell has become the 
industry standard, and has received by far  the greatest amount of engineering and 
production effort. Arrays of Si cells have supplied reliable auxiliary power for most 
of the space vehicles and satellites launched throughout the world in various space 
programs over the past 15 years. 

However, well understood theoretical considerations relating to the two 
principal processes that take place in the photovoltaic effect in a semiconductor-- 
namely, absorption of incident photon energy to generate charge pairs, and separation 
and collection of the generated charges across a barrier--indicate that various com- 
pound semiconductors should provide significantly higher conve.rsion efficiencies than 
those available with Si cells. 

The efficiency of solar cell operation for maximum power delivered to a matched 
load is proportional to the product IscVoc, where the proportionality constant is the 
curve fill factor (CFF), which is a measure of the "squareness" of the I-V character- 
istic of the cell under illumination. The net result of the increase in light-generated 
short-circuit photocurrent Isc with decreasing bandgap energy Eg and the increase in 
open-circuit photovoltage Voc with increasing Eg (because of reverse saturation current 
decreasing with increasing Eg) is a maximum in the efficiency-vs-bandgap energy 
relationship for values of Eg in the range from 1.2 to 1.8 eV, for normal operating 
temperatures. . 

The theoretical relationship between efficiency and bandgap energy, a s  for- 
malized by Loferski (Ref I), has provided much of the guidance for solar  cell materials 
research in the past 20 years. Semiconductors such a s  InP, GaAs, CdTe, AfSb, and 
various ternary alloys have bandgap energies at o r  near the maximum in the q-vs-Eg 
curve. The theoretical maximum efficiency predicted for InP for room-temperature 
operation and ideal junction behavior is in the range 22-26 percent for air-inass-zero 
(AMO) conditions (Refs 1, 2, 3). 

Solar conversion efficiencies up to 13 percent (AM1) were reported for GaAs 
single-crystal cells a s  long ago a s  1961 (Ref 4), and pilot-line quantities of GaAs cells 
were fabricated during the same period (Ref 5). However, the performance of experi- 
mental ar rays  in actual space missions was generally disappointing (Ref 6). 

The situation is much different l o r  InP. Early experimental cells were made 
with Zn-doped alloyed junctions in n-type InP crystals (Ref 7), and exhibited efficiencies 



of -2 percent for simulated AM1 illumination. High internal resistances were found 
in al l  of the cells. Although interest in InP a s  a possible solar cell material has 
continued in the ensuing years  (see, e. g., Ref a),  the lack of sufficient single-crystal 
material of adequate quality has kept solar cell development with this semiconductor 
to a minimum. The highest reported efficiency for an InP single-crystal junction-type 
cell prior  to 1975 had been about 6 percent (AM1) (Ref 9). In one instance, an 
efficiency of 6.7 percent was reported in small diffused-junction cells fabricated in 
n-type InP crystals and illuminated on the surface of the p-type layer, which was 
<I0 pm thick (Ref 10). No attempts to optimize cell design o r  material parameters 
were reported in that work, however. 

InP shares some of the same advantages over Si fox photovoltaic applications 
that characterize GaAs. These include the following: 

1. The bandgap energy (1.34 eV a t  room temperature) is such that. the spectral 
sr3iisitivity.i~ EL better match to the solar  spectrum; higher theoretical 
efficiencies (in excess of 20 percent) than for Si a r e  expected. 

2. , The decrease of power output with increasing temperature for InP should 
be much less  than that for Si cells, because of the larger bandgap that 
allows higher-temperature operation of the junction. 

3. InP typically has lower carr ier  lifetimcs and shorter diffusion lengths than 
Si, so  InP cells should be less  susceptible to radiation damage. 

4. The larger  bandgap of InP will resu.lt. i.n higher output voltagc pcr cell than 
for Si, although the currerit pe r  unit area  of cell ivill be smaller. 

5. The optical absorption edge in InP i,s steep (Ref 11) sinoe it is a direct- 
bnndgap semiconductor, so  most solar radiation is absorbed very near 
(within -1pm of) the surface, eliminating the need for thick cells to 
capture most of the incident energy. This means that minority ca r r i e r  
diffusion lengths need only be the order of lpm to assure high charge 
collection efficiency by the barrier.  

However, a s  with GaAs, some of the disadvantages of InP a r e  consequences of some 
of its attributes - in particular, the very short absorption length (@-I, where cr is the 
absorption coefficient in cm-l)  for essentially al l  photons with energies greater  than 
bandgap. Because the absorption and generation of charge pairs  occurs so close to the . 
surface, the high surface recombination velocity that is characteristic of most 111-V 
con.~puund semiconductors results in reduced minority ca r r i e r  collection efficiencies 
in  junction-type devices due to  surface recombination losses. 

An additional effect of the short optical absorption length and the small minority 
c a r r i e r  diffusion lengths is that the very thin layer required on the illuminated sidc of 
tlie junction must be extensively electroded with a fairly dense grid to  reduce cell  
se r i es  resistance a s  much a s  possible. Even with such measures, losses at the front 
of cells fabricated a s  homogeneous junction diodes in crystals of both GaAs and InP 
have been found to  be too high for acceptable solar  cell operation under normal 
conditions. 



1.2.1 Results Obtained with Single-Crystal Heterostructures 

The problem mentioned above was the principal motivation for development of 
the window-type cell, in which a layer of another semiconductor is applied to the 
illuminated surface of the active material to remove the junction region sufficiently 
far  from the incident-light surface to reduce recombination losses and at the same 
time add conductive material that reduces the ser ies  resistance of the cell. The 
window material must provide a sufficiently good interface structurally with the base 
semiconductor'that the interface does not itself become a source of recombination 
losses. Additionally, the bandgap of the window material must be large enough that 
there a r e  no significant losses of the incident solar  radiation due to  absorption in the 
window material, unless other factors allow the ca r r i e r s  generated in such absorption 
to be collected by the active junction. 

Work with composite GaAs cells involving a front layer of Gal-xAtxAs serving 
a s  a window has been very encouraging (Ref 12) and has removed interest in solar  cells 
of this semiconductor. In these so-called heterostructure cells the active junction is 
in the GaAs, and efficiencies of over 20 percent (AM1) have been reported by IBM 
researchers (Ref 13). James and Moon (Ref 14,15) have reported efficiencies in the 
range from 19 to 23 percent for this type of cell operated in concentrated sunlight. 
The heterojunction cell of GaAfAs and GaAs is similar to the above configuration 
except that there a r e  only two (instead of three) regions, corresponding to the two 
materials, and the active junction is coincident with the interface. Alferov -- e t  a1 
(Ref 16) have reported efficiencies up to 11 percent in antireflection-coated GaAs- 
GaAQAs heterojunction cells of this type. 

Similarly, within the past two years composite solar cell structures utili'zfng 
single-crystal InP and a deposited CdS layer to form a heterojunction a t  the interface 
have been reported by Wagner and Shay and coworkers (Refs 17,18,19) and by Ito and 
Ohsawa (Ref 20). In this configuration the n-type CdS (Eg-2. 4eV a t  room temperature) 
transmits a major portion of the incident solar radiation--for wavelengths to about 
0.5 pm--to the p-type InP, which functions a s  the primary absorber. 

EJecause of the excellent match of lattice parameters of the two semiconductors 
(5.850A for wurtzite CdS and 5.8691 for zincblende InP, a t  room temperature) the 
interface is expected to be relatively free of inherent defects and thus of recombination 
centers to trap .the light-generated charges. Further, the thermal expansion coeffi- 
cients of the two materials a r e  very similar in the range a t  and above room 
temperature (-4 x per deg C for CdS and -4.5 x per deg C for InP), so 
relatively little stress-induced defect structure would be expected to be introduced 
upon cooling the composite from the CdS deposition temperature. Finally, the electron 
affinities of the two semiconductors a r e  such that there is no impeding energy spike 
in the transition between conduction bands to adversely affect electron transport from 
the InP base region into the CdS layer under illumination. 

Wagner, Shay, -- e t  a1 (Refs 17,18,19) reported efficiencies of -12.5 percent for 
-sunlight conditions close to AM2, for such cells using n-type (excess Cd) CdS epitaxial 
films 5-10 pm thick grown by vacuum deposition a t  200-250°c on the polished "B" face 
(phosphorus) of (111)-oriented Cd-doped p-type single-crystal InP grown by the 
liquid-encapsulated Czochralski (LEC) method (Ref 21). SiO antireflection coatings 
were applied to the cells by vacuum deposition. In a later  report of this work Wagner 
(Ref 22) noted that more consistent results were obtained by depositing the CdS on the 



InP '?Av face. The CdS films on the "A" face also exhibited lower resistivities. In 
the most recent descriptions of this work (Refs 23, 24) efficiencies approaching 15 
percent (for AM2) have been reported for single-crystal cells if antireflection coatings 
a r e  used. 

Ito and Ohsawa (Ref 20) deposited epitaxial (0001)-oriented n-type CdS layers 
10 pm thick by the vapor growth technique in H2 onto p-type (111)-oriented "A" (indium) 
faces a s  well as "B" faces of single-crystal InP. A transition layer of mixed com- 
position was found by analysis to be present a t  the interface in these samples. Despite 
this, measurements in conditions approximating AM1 indicated efficiencies of -4 percent 
for devices formed on the InP "A" face and -1.7 percent for cells on the "B" face. 
No antireflection coatings o r  other optimization procedures were employed in these 
iavo utiyatiullt:. 

1.2.2 Thin-film Polycrystalline Solar Cells of InP 

The very.large absorption coefficient in InP in the wavelength region to the high- 
energy side of its fundamental absorption edge is such that most (i. e., 95 percent o r  
more) of the available radiation in the solar spectrum is absorbed within a thickness 
of about 1 pm (Refs 8, 11). A thickness in excess of 200 pm of Si is required for 
similar  absorption. The fact that InP is a direct-bandgap and Si an indirect-bandgap 
semiconductor also means that the transition from non-absorbing to absorbing is much 
more abrupt for InP. Thus, almost any radiation that is absorbed a t  all  is absorbed 
in an extremely thin region of InP. 

The small thiclmess of InP required for nearly complete absorption of solar 
radiation immediately suggests the use of deposited films of the material instcad of 
bulk. single-crystal wafers. This would clearly help in reducing the cost of the cell, 
simply by virtue of using l ess  of the expensive active material, It would also ass is t  
in reducing the weight of photovoltaic cell a r rays  (irrespective of whether they are 
intended for space o r  ter res t r ia l  applications). Whether o r  not the hoped-for reductions 
in cost and weight can be realized depends ,upon'the extent of other complications that 
a r i s e  because of adopting the thin-film configuration. 

The very short absorption length for solar radiation in InP means that minority 
ca r r i e r  diffusion lengths also need only be the order of 1 pm for adequate collection 
efficiency. Diffusion lengths in deposited films would not be expected to be a s  large 
as in high-quality bulk single crystals, but if the restriction is only that they be -1 pm 
then there is good prospect of achieving such values providing there a r e  no major 
defects - such as grain boundaries - more closely spaced than that. 

Ideally, single-crystal thin films a r e  most desirable, but the known methods for 
producing single-crystal (i. e.,  epitaxial) deposited films of the 111-V compounds all 
require single-crystal substrates (Ref 25), and this does not allow the needed reduction 
in material costs. Furthermore, if only single-crystal substrate materials are son- 
sidered then there a r e  real  limitations on the maximum area  that will be achievable 
for the basic cell module fabricated by thin-film growth procedures. This leads 
directly to the need for l e ss  expensive substrate materials that a r e  available in 
relatively large areas. It also leads to the realization that the resulting thin-film cells 
will almost certainly be polycrystalline, because of the absence of strong ordering 
forces associated with the substrate surface. 



An important consideration for thin-film polycrystalline materials to be prepareu 
for  use in solar cells relates to the nature of the crystal grain structure in the film. 
It has long been recognized that if the individual crystal grains a r e  randomly oriented 
on the substrate, then - on the average - only those grains that intersect the illuminated 
surface of the cell will contribute to the collected photocurrent. Car r ie r s  generated 
in other grains, farther from the junction, will tend to be lost by recombination at the 
grain boundaries that intercept the path between the region of generation and the 
junction. 

A more desirable growth configuration is that in which the grain boundaries a r e  
oriented predominantly normal to the film surface (and thus also normal to the junction). 
In this film structure the ca r r i e r s  generated in the individual grains a r e  fa r  more likely 
to be collected across the junction (except for those lost due to a lateral diffusion com- 
ponent that still allows them to encounter a grain boundary). This leads to the rule-of- 
thumb that average grain sizes a t  least of the same magnitude a s  the film thickness 
a r e  required for reasonable thin-film solar cell performance. 

The fact that InP thicknesses of only -1 pm a r e  required to absorb up to 95 percent 
of the useful solar radiation indicates that InP films with average grain sizes of 1 to 
2 pm could be expected to exhibit respectable solar efficiencies. In contrast, for Si 
polycrystalline film cells the ~ a m e ~ b r i t e r i o n  dictates that average grain sizes approach- 
ing 100 pm a r e  required. Calculations of the expected performance of polycrystalline 
GaAs solar cells were described by Woodall and Hovel (Ref 26). For a 1 pm GaAs 
layer and a 10 pm Si layer, and assuming that 1 pm average grain sizes could be 
obtained in both cases, it was found that a 21 percent theoretical efficiency resulted 
for GaAs and only 6 percent for Si. Using other analyses carried out by Soclof and 
Iles (Ref 27) for polycrystalline Si solar cells a s  the basis, Woodall and Hovel found 
a theoretical efficiency of 11 percent and 1-1/2 percent for GaAs and Si, respectively, 
for the same dimensional configurations mentioned above. These calculations represent 
optimistic and conservative predictions, respectively, based on realistic material 
parameters for GaAs and Si. . ' 

Although such predictions must be viewed cautiously, there is enough validity 
in the analyses to suggest that significantly higher efficiencies can be expected for  
polycrystalline cells in thin-film GaAs than in thin-film Si, if average grain sizes of 
1 pm a r e  obtainable. Furthermore, because of the similarity of many of the character- 
istics of GaAs and InP, these projections can be taken a s  an indication of the results  
that might be anticipated for polycrystalline films of InP with similar grain sizes. 

Such dimensions appear to be within the realm of achievement for InP films 
deposited on non-crystalline substrates by the MO-CVD technique, so there is good 
prospect for fabricating thin-film solar cells in this program that will meet the 
10 percent AM1 goal defined earlier.  If grain sizes significantly larger than 1 pm 
can be achieved, then the chances for success are even brighter. 

InP single-crystal material has been very difficult to obtain commercially in 
recent years. There have been periods when it was not available anywhere on the open 
market. At the present time it can be purchased, but the cost is very high. These 
two factors alone--availability and cost--are sufficient to stimulate interest in pre- 
paring thin films of the material for solar cell use. The single-crystal substrates 
required for the cell configurations described in Section 1.2.1 a r e  not consistent with 
the goal of large-scale low-cost ter res t r ia l  use of InP solar cells. However, because 



of the relative abundance and the current market prices of the materials involved, it 
would be expected that--given an equivalent amount of technical development effort-- 
InP solar cells could be l ess  expensive than GaAs cells. Further, depending upon 
actual junction (or other barr ier )  behavior in the two materials, it is possible that b 

higher efficiencies could eventually be realized for InP than for GaAs cells. 

If these potential advantages of InP. over GaAs could be extended to the same 
materials in the thin-film configuration, then the prospect for InP thin-film cells would 
be bright indeed. Since the .excellent lattice parameter match a t  the InP-CdS interface 
is expected to hold for almost any epitaxial relationship that would occur between the 
two crystal lattices (Refs 17,18,19), it appears that an all-thin-film configuratinn 
n~lght be expected to exhibit unusually good properties for this particular combination 
of materials, even in polycrystalline form, 

The f i rs t  good demonstration that this may be the case has been provided recently 
by the group a t  Bell Laboratories (Refs  24, 28, 29, 30). Polycrystalline films of p-type 
InP were grown on Mo and carbon substrates by a CVD process utilizing the InP-HCl 
reversible reaction. Cd and Zn were used a s  acceptor dopants, and film growth 
occurred a t  -630°C. Grain sizes were the order of 1 pm, and no preferred orientation 
was observed. By depositing n-type films of CdS on the polycrystalline InP films 
these investigators obtained photovoltaic structures of <lmm2 area that exhibited power 
conversion efficiencies of 2.3 percent under AM1 conditions if used uncoated, and 
2.8 percent when an antireflection coating of vacuum-deposited SiO was applied. 



1.3 GENERAL TECHNICAL APPROACH USED IN  THIS PROGRAM 

The general technical approach of the program involves application of the 
metalorganic chemical vapoq deposition (MO-CVD) technique, developed by Rockwell 
for  the epitaxial growth of 111-V compound semiconductors and their alloys, to  the 
formation of films of InP on both single-crystal and low-cost polycrystalline o r  
amorphous substrates. Scientists a t  Stanf0r.d University then deposit 'cadmium sulfide 
(CdS) and/or similar semiconductor compounds o r  alloys by appropriate methods on 
the InP films to form heterojunction structures, and evaluate the photovoltaic properties 
of the resulting solar cell configurations. 

During the time that the MO-CVD method is being developed specifically for the 
InP system--initially on suitable single-crystal substrates--attention is being given 
to the problem of identifying, preparing, and evaluating potentially inexpensive sub- 
strate materials that a r e  (or can be) available in large a reas  and will tolerate the 
experimental environment of the MO-CVD process. When adequate substrate materials 
become available--and after the main CVD parameters required for satisfactory 
deposition of InP a r e  ,adequately established--they will be used for growth of poly- 
crystalline films of InP. These films will be doped appropriately to  achieve the 
desired electrical properties for subsequent heterojunction formation. 

. 
. The first inP films available, irrespective .of the nature of the substrate, a r e  

being characterized for ;various material properties a t  Rockwell and--to some extent-- 
at Stanford. These initial films and others prepared throughout the program a r e  to be 
used at Stanford for the formation of heterojunction structures by deposition of films 
of CdS (primarily), ZnCdS, ZnSe, and possibly ZnSSe, using vacuum deposition o r  
chemical spraying techniques. The photovoltaic properties of the resulting hetero- 
junctions will be evaluated a t  Stanford., using electrical contact methods being developed 
early in the program both a t  Stanford and a t  Rockwell. 

Finally, attention will be given to cost analyses of the cell structures a s  
prepared in the contract program, and'projections of the possible costs of large 
quantities of the cells in future years will be periodically adjusted to make use of 
technical developments in the ongoing work. 

The CVD method is believed to be potentially the one best method for achieving 
large a reas  of solar cells of reasonable efficiency a t  sufficiently low cost to meet both 
the production capacity goal and the cost-per-watt goal of the nation's photovoltaic 
conversion program. Some of the technical problems that remain to be solved before 
those goals can be reached a r e  specifically addressed in this program. Once these 
problems a r e  solved i t  should then become possible to choose the parameters of the 
CVD process so that the required properties of the deposited films can be achieved 
and the efficiency goal of the photovoltaic device (10 percent AM1) realized, subject 
to the constraints imposed by the properties of the selected substrate material(s). 

As it relates to the growth of 111-V compound semiconductors, the MO-CVD 
process involves the mixing of a metalorganic compound of a. Group I11 element with a 
hydride o r  metalorganic compound of a Group V element, and pyrolysis of this mixture 
o r  its reaction product under appropriate conditions to produce the Group 111-Group V 
semiconductor. Thus, triethylindium (TEI) and pH3 .arc! mixed'.at ,room.temperature..in 
the gaseous state and pyrolyzed a.t established temperatures in a cold-wall reactor to 
form InP according to the following simplified reaction: 



(C2H5)3 In + - InP + 3C2H6. 
500-700'~ 

The organic byproduct (ethane, C2H6) is stable a t  film growth temperatures. 

The MO-CVD process has several attributes that a r e  important to the application 
involved in this program: 

1. The process is completely free of halides, thus eliminating competing . 

etching reactions, reducing generation of unwanted impurities by reactions 
with the low-cost substrate materials, and minimizing c6mplication of the 
heterogeneous film-growth process involved 

2. Only a single high-temperature zone i s  required, greatly simplifying the 
apparatus and the necessary cnntrol. systems, and allowing tho dopooition 
chamber walls to remain relatively cool because only the pedestal and the 
samples a r e  heated. 1 

3. The reactants used a r e  either liquid o r  gaseous a t  room temperature, 
facilitating their handling and introduction into the reactor system car r i e r  
gas upstream from the deposition chamber, and allowing control of com- 
position of the deposited film by means of flowmeter adjustments 

4. ~mpur i ty  doping of the deposited films can be achieved by introduction of 
appropriate dopant compounds (liquid metalorganic and/or gaseous hydride 
sources) into the primary reactant gas stream, again with doping levels 
controllable by means of flowmeter adjustments 

5. The growth process can be observed directly by the operator, si.nne the 
reactor walls a r e  transparent and unobstructed, thus all.nwine changes in 
growth conditions to be made during an experiment if it is desired o r  . , 

necessary: 

6. Large-area, uniform surface coverage can be achieved in a single growth . 

sequence, using the same tyge' of commercial.1.y-a.vail.able apparatus that is 
used for epitaxial growth of elemental semiconductors (e. g., Si) 

7. The process requires neither single-crystal InP material nor even 
semiconductor-grade (ultrahigh-purity) pnlycryst.alline InP for  it^ appliontion, 
since only compounds of In and of P a r e  used in the reactinn, thus eliminating 
the expensive and energy-wasteful process of producing melt-grown InP . 
source material required for other crystal growth and/or film deposition 
techniques. 

'l'he availability of high-purity reactants is a primary req11i.sit.e for the ultimate 
success of the MO-CVD process in the application involved in this contract. This is a 
matter that needs continuing attention, and requires cooperation of the small number 
of .manufacturers now engaged in supplying the various compounds used in this work, 
to  assure  that materials of increasing purity and improved control of quality will 
become available as needed. 



Unfortunately, the situation for InP is not a s  clear-cut a s  it  is for  GaAs with 
respect to achieving the desired process control and reproducibility of results.  This 
is partly due to the fact that f a r  more development of CVD processes has occurred for  
GaAs film growth than for InP film growth. There a r e  also other technical factors 
that a r e  not yet fully understood for  the case of InP formation by the MO-CVD technique; 
these factors require special attention in the contract work. 

The highly developed technologies of epitaxial growth of a semiconductor on itself 
and heteroepitaxial growth on dissimilar materials (espectially insulating oxides such 
as sapphire and spinel) permit growth of films with excellent s tructural  and:electrical 
properties in most cases. The limitations of substrate cost and available substrate 
size in these two cases  place the single-crystal substrate configuration outside the 
range of the ERDA program goals, s o  attention must be focused on the problem of 
identifying a substrate material that is readily available, is inexpensive (or potentially 
so), and yet permits the formation of InP layers having structural and electrical 
properties adequate for  achievement of reasonable solar  cell efficiencies. 

Substrate materials that a r e  inexpensive and readily available in large a reas  
a r e  usually not single crystal o r  even large-grained, so  the layer  growth process will . . ,.a 

get relatively little help from the substrate in acquiring the properties important to $. 

solar cell performance. This means that af ter  the technical problems associated with - .. 
achieving satisfactory deposition of InP on substrates that a r e  favorable to epitaxial . n 

growth (such a s  single-crystal InP, GaAs, and sapphire) a r e  under reasonable control, 
then the more difficult problem of growth on low-cost substrates must be solved. 

Thus, the principal technical problems to be solved in the program a r e  (1) . .', 
establishing preferred CVD process parameters  (temperature, reactant concentrations, , A  

c a r r i e r  gas composition, doping impurities, growth rate) for acceptable properties 
for  the films grown on various substrate materials,  (2) identifying suitable substrate 2 
materials that will survive the environment of the MO-CVD process and be potentially 
inexpensive and.available in large a reas ,  yet be a s  favorable a s  possible to InP grain 
growth, and (3) achieving adequate grain size in  the films on inexpensive substrates 
to provide satisfactory solar cell properties. 

T o  achieve the contract objectives and to  progress toward the long-range goals 
of ERDA's National Photovoltaic Conversion Program, the contract involves work in 
six main technical tasks plus preparation of required samples for delivery to ERDA, 
as well a s  preparation and delivery of required data, reports ,  and review and pre- 
sentation information. 

T h e  indi.vidua1 t.echnica.1 t a . s k s  a.re as f n l l n w s :  

Task A. Development of MQ-CVD Process for InP Film Growth 

Task B. Identification, Evaluation, and Development of Inexpensive Substrate 
Materials 

Task C. Growth of InP Films by MU-C VD on Inexpensive Substrate Materials 

Task D. Evaluation of InP Film Properties 



Task E. Formation and E7valuation .of Heterojunction Photovoltaic Deviae 
Structures on InP Films 

Task F. . Analysis and Projection of Cell Performance and Costs 

Task. G.  . Preparation and Delivery of Film Samples. 

This is the first Quarterly Report for this contract and covers the period 
30 September 1976 through 1 January 1977. The contract activities during that period 
a r e  described by task in the following section. 



2. TECHNICAL PROGRESS 

This section contains a summary of the results obtained during the first three 
months of the contract. The discussion is arranged by task, but because of the inter- 
action of the activities of the various tasks a -distinction is not always easily made. 
Where this occurs, cross-referencing is used to  indicate where additional related 
discussion is given. 

2.1 TASK A. DEVELOPMENT OF MO-CVD PROCESS FOR InP FILM GROWTH 

The summary of the proposed work of this task, a s  given in the contract 
Statement of Work, is as  follows: 

The MO-CVD process employing triethylindium (TEI) and phosphine (pH3) 
will be used to grow films of InP first on suitable bulk single-crystal sub- 
strates -- such a s  InP, GaAs, and sapphire -- or  single-crystal films, to 
identify problem areas and limitations and establish baseline reference data 
for subsequent experiments with less fa'vorable substrates, and later on 
selected inexpensive substrates identified in Task B. Initially, a simplified 
reactor system will be assembled and used, but modifications may be 
required in the gas-flow system or  chamber desigh because of unique char- 
acteristics of the TEI-PH3 reaction. . Experiments with formation of the TEI- 
pH3 addition compound outside the reactor will be carried out to determine 
i f  improved InP film nucleation or  layer growth rates can be obtained through 
its direct use. The effects of deposition conditions on the properties of 
candidate substrate materials and of the resulting InP films will be determined. 
Experiments to  establish effects of CVD parameters on InP grain size will be 
carried out, and gas-phase doping methods and parameters for achieving the 
required InP properties will be established, with emphasis on obtaining good 
p-type properties. Special CVD processing methods -- such as  deposition of 
interface and/or nucleating layers of a metal o r  another semiconductor to 
enhance film grain growth, two-step deposition at different rates to improve 
grain size, and in -- situ annealing during film-growth'-- will also be investigated. 

The selection of a preferred CVD process for the growth of InP must be based 
to a great extent on the compat:ibility of the reactants with the material being in- 
vestigated as  a substrate. For proper nucleation, the process for growth on a foreign 
substrate should produce InP irrespective of the properties of the substrate. The. 
uniformity of the nucleation process will be controlled by the nature of the substrate 
s11rfa C.P. . 

To date only a few CVD processes have been reported for the growth of epitaxial 
films of InP. These include three halide vapor-phase systems --the I ~ - P c ~ ~ - H ~  
system (Refs 31, 32, 33, 34), the InP-PCi3;H2 system (Ref 33), the In-HCP-pH3-HZ 
system (Ref 35), and the metalorganic-hydrlde (MO-CVD) process developed in 
Rockwell's laboratories (Ref 36). Early studies of the halide processes for hP growth 
used GaAs as the substrate (Refs 31, 32); recent studies have concentrated on 
homoepitaxy on InP substrates, as single-crystal InP has become more ran.dily 
available. 



The previous exploratory studies of the growth of InP by the MO-CVD technique 
at Rockwell (Ref 36) were directed mainly at demonstrating the feasibility of achiev- 
ing epitaxial growth by this method. The major emphasis of the reported work was 
the growth of InAs and GaInAs films, a result subsequently also confirmed by other 
researchers (Ref 37). 

The limited Rockwell studies showed that changes in reactor chamber design 
were necessary in order to  effect an InP growth rate consistent with single-crystal 
formation on the single-crystal substrates used. The minor changes that were made 
in the reactor during these feasibility studies, however, produced a total growth rate 
of only -0.1 t.Lm/min o r  -6 pm/hr, considerably lower than that obtainable by the 
MU-C V U  growth of GaAs, for example. The growth rate was controlled by the high 
boiling point of TEI (144PC) and the low volatility of an addition cornpow-d which may 
have been formed at room temperature by the TEI-pH3 reaction. The first factor 
can be corrected by heating the TEI to increase i ts  vapor pressure and by heating 
the gas lines into the deposition zone in a similar fashion. The second factor is 
corrected by introducing the reactants into the chamber in separate lines so that 
they meet in the vicinity of the substrate, where radiation from the pedestal will 
produce the desired InP compound in a P-rich atmosphere (when excess P i s  present). 

As an alternative approach the growth of InP might be studied using macro- 
amounts of the addition compound TEI:PH3 a s  the direct source of InP, although 
formation of this addition compound has yet to be demonstrated. The addition com- 
pound would be prepared externally and directed into the reaction zone by a carr ier  
gas such a s  H2 o r  He. For this procedure to be effective the addition compound 
must be stable at temperatures necessary to increase i ts  vapor pressure for trans- 
porting the complcx to the dcposition zone and substrate. Once proper conditions 
a r e  established a significant increase in InP growth rate should result, and improved 
nucleation phenomena could then be expected-on low-cost substrates. 

2.1.1 Reactor System Design and Assembly 

A CVD reactor system has been designed and built for use on the contract work, 
with subsequent modifications in the deposition chamber o r  the reactor system itself 
to be introduced a s  needed, to achieve best InP growth conditions. 

The reactor system incorporates the gas flow lines required for the formation 
of InP films on substrates supported on an rf-heated pedestal. pH3 i s  the source of 
phosphorus and triethylindium (TEI) the source of In. Providion has been made to 
use either He or  H, a s  the carr ier  gas and growth atmosphere. Separate gas-flow 
lines and source cgntainers a re  incorporated which provide for either diethylzinc 
(DEZ) o r  dimethylcadmium (DMCd) a s  p-type dopant sources and either H2S o r  H2Se 
i f  n-type doping is desired. A schematic diagram of the apparatus is shown in 

- Figure 2-1. 

The apparatus presently consists of a single vertical quartz tube 60mm in 
diameter and about 38 cm long, containing a Sic-covered carbon pedestal 5 cm in 
diameter which can be inductively heated; stainless steel bubblers containing the 
liquid metalorganic compounds such a s  TEI, DEZ/DMC~,  and TMG; appropriate 
flowmeters for monitoring the car r ie r  gas, doping gqs, and pH3 flows; a H2 burn- 
off area,  and a manifold made from stainless steel tubing. Providions a r e  made 





in this apparatus for (1) by-paasing the quartz reactor and keeping the reactants 
separate until the gases are equilibrated and ready to be mixed for film formation, 
(2) rotating the psdestal, and (3) evacuating all sections of the apparatus. Measure- ? . 
ment of the temperature of the substrate is accomplished by means of an infrared 
radiation thermometer used to sense the apparent temperature of the side (cylindrical) 
surface of the pedestal through the wall of the quartz reactor tube. 

It was originally intended that this reactor system be assembled and tested 
during the first six weeks of the program. However, there were delays in delivery 
of some of the components required for the construction, and some modifications had 
to be made in the electrical and hood-vent kcilities in the laboratory housing the 
reactor system, the latter required for reasons of safety regulations related to the 
toxic compaunds used in this wokk. As a result, the system was not completed and 
operable until the third month of the program; deposition experiments thus began 
late in the qwlrter. 

A photograph of the system now in operation is provided in Figure 2-2. On the 
rEght of the cqntral bank of glass rotameters is a cold-bath dewar (with stirrer) for 
trapping impurities in the PHQ (and/or AsH3) prior to its flow regulation. Above the 
rotameters are two dewars for later use in regulating the vapor pressure of tri- 
methylgallium (TMG) and diethylzinc (DEZ), which will be used in preparing p-type 
films of InP. On the far left is a vertical reactor chamber with a T-shaped inlet at 
the top, an indwtion coil near the middle, and a water-jacketed j~ in t  and glass 
rotating seal below. The H2 purifier, rf induction .unit, gas burn-off box, and 
s w ~ g , $ @ s  of gas are not visible in this photograph. 

. , . a ,  . . - ,.i {I 
" ( . l ' +  ? 

Figure 2-2. Photograph of InP MO-CVD Reactor System 
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The reactor chambers available at the start of the program were those that 
had been used in previous film growth studies. The early studies of InP growth by 
the MO-CVD method at Rockwell (def 36) had indicated a white solid is formed at 
the point of mixing of the TEI and PH3. (See also next section.) With reactor 
chambers of the type available this solid is formed at the top of the reactor and is 
directed by a carrier gas (usually H2) to the hot zone (i.e., near the heated pedestal) 
for InP formation. 

It was suggested by the results of the early studies (Ref 36) that a afferent reactor 
design -- one that mixes the TEI and PH3 nearer the hot zone -- would be gn improve- 
ment. Thus, at the start of this contract program, components were ordered for 
use in constructing such a reactor chamber. The chamber has recently been com- 
pleted and is shown in the photograph in Figure 2-3. The main reactor section is 
75mm in dia and about 45 cm long, from the top to the main 0-ring.joint (within the 
large clamp). It connects to an exhaust section, which has a second but smalbr 
O-ring joint at its base. This base in turn connects to a teflon stirrer-bearing. The 
exhaust port and stirrer-beadng are about 15 cm from the main O-ring joint. The 
distance from the top of the reactor chamber to the bottom of the concentric tubes 
in the center of the main reactor portion is -18 cm. The innermost tube (-8mm 
dia), which is used for introducing TEI, is about 12mm shorter than the outermost 
tube (about 18mm dia), through which PHs and carrier gases flow. 

Figure 2-3. Concentric-tube 0-ring-sealed Reactor Chamber 
with Teflon Rotating Seal, for Use in MO-CVD Growth of InP Films 



This new reactor chamber will be tested dudng the second quader of the 
program. R s  eve&tual utility may be determined by the uniformity of film thickness 
and quality that are achieved with it. 

The reactor chamber used in the initial experiments late in the first quarter 
has a square-cross-section center tube 17mm x l'lmm, the open end of which extends 
to a point 10-12mm above the surface of the heated pedestal. The experiments 
described in the next section were done with that chamber. 

At the end of the first quarter of the program, and prior to the availability of 
the new reactor described above, a second available reactor --one which does not 
contdn a ceder  W e  --was chogen for further film growth experiments. Studies 
with t h l ~  react--or will provide information on film properties over a larger area of 
growth than provided by the first (center-tube) reactor if the proper gas flow con- 
&tions and turbulence are. determined. The results of these experiments will be 
described iu Mer reports. 

As the work prbgresses it may become necessary to change the design of the 
reactor chamber or  of the reactor isystem gas-line confiiguration, to achieve proper 
mixing of the reactants and to effecit better coverage of the substrate area. If it is 
found necessary to eahance the nucleation of InP on the various substrates under 
invedgation the reactor system will be modified to permit deposition bf GaAs, 
Ms, or  some other material prior to InP growth. The objective of these changes 
will be improvement of growth conditions and resulting film characteristics, snch 
as  uniformity of thicfdless an$ electrical prppertiss, over areas of at least 4 cm2. 
Included in such changes will be adjustments in orifice-to-substrate spacings, position 
of the P H  source relative tothe TEI exit tubs, and any Other changes that will i! become o vious from the results of the work, 

. Experimentation with modified reactor h . m h ~ . r  desigus will probably continue 
for several m d h s  a s  the investig@ions of the CVD parameter interrelationships 
continue. It is antjc$pated that reactor- design changes can be evaluated and a final 
con6iguration adopidd by the end of the seventb month of the program, so that sub- 
sequent CYD experiments with growth on various substrate materials will involve 
the most favorable ~eac to r  design. I 

2.1.2 InP Growth Studies 

The initially-phed CVD experiments are an extension of the earlier work at 
Rockwell, and consist of determininff the deposition prnmeters suitable for growth 
of IuP by the metalorganic-hydride process on single-crystql substrates, in order 
to obtain baseline data: on the growth process. The use of substrates that are favor- 
able to epitaxy removes ap import-an& uncertainty in experimdal conditions that 
would exist if initial process development were to be undertaken with low-cost 
(polycrystalline or amorphous) saibstrates that are of primary intercst in the pro- 
gram on a long-term basis. 

Single-crystal InP substrates would be preferred for these investigations, but 
availability and cost %s well as utility must be considered. Thus, in the initial base- 
line experiment s single-crystal substrates. of sapphire (which is reusable) and GaAs 
(on which InP epitax~r has been achieved (]Refs 31, 32, 36) ) will be used, in addition 



to some substrates of single-crystal InP. Use of these substrate materials is con- 
sistent with the fact that later in the program low-cost polycrystalline oxides--such 
as alumina (A&03)--and metals--which may requir'e nucleating layers of semi- 
conductors for proper InP growth --will be emphasized; the experience obtained in 
the initial growth studies will be helpful in interpretihg later results on similar 
materials in polycrystalline form. 

A deposited thin film of InAs may be used later in pkce of GaAs if it is found to 
enhance nucleation of InP on sapphire; its use would simplify the CVD apparatus by 
requiring the addition of only an AsH3 source rather than both a trimethylgallium 
(TMG) and an AsH3 source. On the other hand, the TMG-AsR3 reaction does not 
form an intermediate addition compound, as  occurs during mixing of TEI and AsH3, 
and the GaAs would be easier to grow. At present, it appears that intermediate 
layers of GaAs would be better for this study. 

The deposition parameters being studied include substrate and source tempera - 
tures, total gas flow rate, ratio of reactant concentmtions, and preferred carrier 
gas, as they affect InP film growth rate and film properties. Based on the results sf 
these investigations, the preferred growth parametsrs will then be trapsferred 
directly to the work with low-cost substrates. 

As soon as the reactor system shown in Figure 2-2 became available for use 
the growth parameter studies began. During the ihitial experimentation, however, 
the radio-frequency (rf) generator unit was found deficient, in that it would not sustain 
the growth temperature range desired - 550 to 6 5 0 ~ ~  - zlnd would shut off during an 
experiment. . While the rf unit was being repaired,. several e?rperimehts were made 
under less -than-dasirable conditions, at temperatures dictated primarily by the 
@ability of the rf unit. 

These experiments used the reactor with an axial center tube and a side a m  
at the top for introducing TEI. The reactants TEI and PHs were first mixed, there- 
fore, at room temperature at the top of the reactor chamber and away from the heated 
pedestal. A white solid ring was observed to form on the tube wall near the point of 
mixing of the pH3 and TEI vapors. The ring became more prouaunced a s  the film 
growth experiment progressed. Film growth was observed on the heated substrates 
on the pedestal (coated suaceptor), with coverage cancentrated on those substrates 
directly below the apdng of the center tube. The substrates evaluated in these 
first experiments were semi-insulating (100) GaAs, (11I.A) G a s , ,  (111B) GaAs and 
(0001) sapphire. 

The observed pedestal temperatures at the start of the first three experiments 
were (arbitrarily) 505, 575, and 5180C, measured with an optical thermometer 
focused on the side (cylindrical surface) of the pedestal. The unpredictable rf gen- 
erator shut-off times were 15, 12, and 34 min, respectively, after start. I& is 
estimated that the center of the top surface of the pedestal is typically 10-20 deg C 
cooler than the side, based on similar measurements made in this temperature 
range during studies d Si growth on low-cost substrates (Ref 38). 



Despite the obviously poor control of growth conditions, optical examination 
of the highly reflective film-covered surfaces of the GaAs substrates suggested a 
high degree of order in most of the films grown. Scanning electron microscope 
(SEM) evaluation of a cleaved portion of a film grown at 5180C (for 34 min) showed 
the film to be -1.2 ym thick, and energy-dispersive analysis of x-rays (EDAX) in 
the SEM qualitatively confirmed In and P to be present in the film. The $Ims on 
GaAs were found to be conductive, as  determined by a simple volt-ohmmeter test. 
Reflection electron diffraction (RED) examination of two of the films (on (10Q)GaAs 
and (111A)GaAs) indicated they were, in fact, single-crystal films; diffraction 
patterns and Kikuchi lines were in evidence. 

In, mother expepiment the surfaces of the substrates were exposed to flowing 
TEI for about 1-1/2 minutes at 575OC, the TEL flow was stopped, pH3 w q  Mroduued - 

into the reactor, and the pH3 flow was then continued for 15 rnin. Examwtion of 
the sapphire surface in the microscope revealed thc presence of a triangular network 
of i.slands deposited on portions of the subetrate, as shown in the SEM photograph 
in  Mgure 2-4. Epitaxy was suggeeted by the geometrical details of the deposit. It 
might be concluded that In formed by the initial pyrolysis of TEI was converted to 
InP by the PH3 that .was subsequently intaoduced, and that the InP then crystallized 
epitaxially on the sapphire. 

Figure 2-4. SEM Photograph of CrystallographicalIy -symmet rical 
Triangular Network of Islands of InP Deposited by 

MO-CVD on (0001)-oriented Polished Sapphire Substrate 
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EDAX evaluation showed qualitatively that the triangular structures were rich 
in In and P and that less regularly-shaped islands enclosed by the triangular regions 
were also In- and P-rich. The result is significant in that InP was, in fact, formed 
by a procedure such as that used in this experiment. It is t h u ~  possible that conditions 
might be found to produce large grains of InP on amorphous substrates by starting 
with molten In (m.p. 156.40C) on the surface (perhaps produced from TEI o r  some 
other process) and converting it to InP, and precipitating the In. as  large grains. 

The results of the first few DIP deposition experiments in the new reactor 
system were very encouraging. It was clear that epitaxial growth could be achieved 
on single-crystal substrates under the proper conditions -- perhaps by two or  more 
alternative procedures. 

Repair of the rf induction unit permitted more intense examination of the 
growth parameters of InP, mainly on GaAs substrates. The low growth rates (4; 04 
~.l.m/min) obtained in earlier experiments prompted an increase in the H2 flow tbrough 
the TEI to attempt to increase the growth rate. However, it soon became evident 
that flow conditions would have to be found to minimize the deposit at the tee aad carry 
the white solid into the flow stream leading to the reactor chamber. 

This was accomplished by mixing the H2 flow through the TEI with a separate 
external H2 flow leading to the tee and into the reactor. This external line had been 
built into the original reactor system, based on previous studiee of the formation of 
In compounds by the metalorganic process and, therefore, was available when, 
needed. 

The increased flow rate led to a growth rate increase by a fae-tor of -3. . Epitaxy 
was conbistently obtained on GaAs, the overgrowth of InP on (10O)GaAs being quite 
reflective and smooth; on (111A)GaAs it was relatively smooth, but not so reflective. 

I' 

Film coverage on the 5 cm-dia Gedestal and on the substrates was not Fini'fom, 
however, and mostly limited to the area beldw the opening of the center tube. 
Variations in film thickness dudng simultaneous growth on the three orientation& of 
GaAs could not be attributed only to the differences in orientations, since the ob- 
served variations wore not consistent. The pH3 (10 pefcent i n  He) flow rate during 
the above experiments was kept at 250 ccpm; the H2 flow rate thralxgli the TEI (at 
room temperature) was increased in the range from 500 to 1500 oqpm. 

The better looking overgrowths obtained in these experiments had surface 
characteristics such as those shown in Figure 2-5. Film thickness was measured 
from photographs taken of oleaved specimens in the SEM. The InP layer could, in 
most cases, be obse~vtjrl. without &cBS;hg O r  other processing, as shown in Figure 2-6. 

2.1.3 Preliminary Experil~~eWaI ExamiiIatfbn of Reaction Leading to InP Formation 

Reference has previously been made to the formation of a white solid ring in 
the reactor near the point of mixing of tBe TEI and pH3 at room temperature. This 
white solid is presumed to be either an addition compound of the reactants o r  a 
compound resulting from the presence of impurities, such as oxygen or  moisture, in 
the carrier gases. An attempt was made to eliminate moisture from the pH3 souroe 
gas by the use of a low-temperature bath on the pH3 line. A Sic-covered pedestal 
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Figure 2-6. SEM Photograph of InP Deposit on High-resistivity 
GaAs Substrate. (Deposit -7.5 pm thick.) 

and a sapphire substrate were first heated in H2 to -575OC, to outgas the pedestal and t.8 

I ,  *& simulate a surface for film growth at this temperature. The rf power was then turned ,, , <: 
off, and the reactor was cooled to room temperature in flowing H2. TEI and pH3 41 : 

were then mixed at the intersection of the gas transport tubes just above the main , g 
reactor chamber until the white ring was observed (2-3 min). The TEI and pH3 flows 
were then diverted from the reactor and stopped, but H2 flow was continued. 

The white deposit in the clean reactor was found to extend along the length 
of the center tube, and the formerly shiny and clean sapphire substrate surface had 
become clouded. A slight shifting in the position of the substrate revealed i ts  outline 
on the pedestal surface and confirmed that the pedestal was also coated. H2 flow was 
continued and increased, in an attempt to transport the solid from the point of initial 
mixing. 

After -35 min it appeared that some of the white solid had been distilled away. 
Careful warming did not seem to produce major movement of the white solid, but it 
did cause a yellow cast to develop on the surface of the solid. The reactor was then 
evacuated. Cooling of several portions of the outside of the reactor with dry ice 
condensed a white sublimate. A subiimate downstream from the pedestal completely 
distilled from the walls when the pedestal was subsequently heated in Hz. 

The reactor was again pressurized with H2, and the pedestal was heated to 
-5650C, During heating to temperature, the sapphire surface changed color from 
yellow to orange to almost black to gray. The temperature was stabilized at an 
observed reading of -5650C. pH3 was introduced into the reactor, and this caused 
the gray film on the sapphire to darken. After 10 min, TEI was introduced into the 



reactor together with an additional H2 ttpush" of 1000 ccpm. The white solid again 
formed during W n g  but was displaced slightly toward the center tube. The InP 
grown on the stibstrate had a )matte surface. After the, film was cooled to mom 
temperature, a dark powder fell on the pedestal from the center tube. This con- 
cluded the experiment. 

Considerable information of importance was obtained from the above investi- 
gation. The .prlmcipal conclusions --although preliminary and subject to further 
interpretation as  more experimental data are  acquired --are a s  follows: 

1. The compound that forms on mixing TEI and pH3 vapors has a low vapor 
pres.sure, but it is sufficient for thit compound to be transported by a 
~axder  gas OP by pumping. 

- - 

2. InP growth can probably be achieved with these readants at <4Fifi°C (tbe 
minimum readable temperature of tbe optical thermometer in use), thus 
admitting for consideration a s  possible substrates many glasses with low 
strain points but reasonable thermal expansion properties. 

3. PH3 in excess will be needed to s tabi l i~e the InP formed at growth 
temperatures of -550-650°C, and probably below, as evidenced by the 
effect it seemed to have on the gray film (which presumably was InP) 
produced on the sapphire by decomposition of the TEI-pH3 reaction 
product which had covered the sapphire surface at room temperature. 

4. By manipulatjrng gas flows, it wi 11 prnhahly he possible to intr~duae tho 
room-temperature reaction product into the main gas flow stream, thus 
minimizing its condensation on the glass tube inlet and maximizing the 
growth rate of InP for a given TEI concentration. 

85. Uecorhpasition of the TEI-PH3 reaction product probably occurs at a low 
temperature (perhaps as  low a s  50°C), a s  evidenced by the discoloration 
of the white solid on warming as  well a s  by the results of previous film 
growth experiments in which the hot pedestal caused heating (by radiation) 
of the glass tube tee where the reactants are mixed. (That part of the 
apparatus is normally warm to touch, although not hot.) 

6. The white condensate produced at -780C (dry-ice temperature) under 
vacuum appeared to be volatile without decomposition, and appeared to 
be a different material from the product of mixing, since it distilled 
wilhuul dooompbaitlon fmm the reactor w a l l  by means of radiation from 
the hot pedestal. This conclusion, however, is only tentative. 

It is expected that these observations will be influential in the planning of 
Euture experiments in InP film growth and in optimizing reactor design. 



2.1.4 Impurity Doping Considerations and Nucleation Studies. 

During the investigation of CVD parameter interrelationships for InP deposition 
on various single-crystal substrates; experiments will be undertaken to  identify the 
most satisfactory impurity doping methods for InP films. Although it will be the 
intention to arr ive at satisfactory procedures for producing both n- and p-type films, 
the emphasis will be on p-type doping because-of the later use of n-type semiconductors 
(e. g., BdS) in forming heterojunction structures. Diethylzinc (DEZ) will be evaluated 
first a s  the dopant source for p-type InP. . 

Film resistivities in the range 0.1-10 ohm-cm a r e  desired for the p-type InP 
layers to be used in heterojunction formation with CdS o r  other semiconductors. In 
t e rms  of single-crystal InP this corresponds to  a doping concentration in the 1016- 
1017 cm-3 range, but it remains to be determined what active impurity concentrations 
of either type can be incorporated into polycrystalline films grown by the MO-CVD 
method. Doping concentrations and resulting electrical properties a r e  to be deter- 
mined for epitaxial InP films grown on single-crystal substrates relatively early in  
the doping studies . This will establish reference levels of active dopant concentra- 
tions corresponding to  various CVD parameters and added concentrations of appropriate 
doping compounds. These data will be used in the later studies of doped film growth 
on low-cost substrates, since the properties of epitaxial films grown simultaneously 
on companion single -crystal substrates will provide the necessary monitoring 
information. 

In addition, the effects of interface and/or nucleating layers deposited p r io r  to 
the InP film growth will be investigated later in the program. Previous studies of 
InP growth on sapphire showed that it was more difficult to control InP growth than 
InAs growth (Ref 36), so similar problems may occur on low-cost oxide and other 
substrates. Therefore, the introduction of a foreign layer compatible with InP at  
the film-substrate interface will be considered. InAs, Ga'P, and/or GaAs a r e  - 

likely candidates, and can be produced -- in situ on the substrate surface before the InP 
film is formed., Both full-coverage layers and partial-coverage layers, consisting of 
discrete islands, will be examined in this phase of the work. 

The effect upon InP film growth of an intermediate layer of CdS will also be 
examined. Films of CdS will be prepared at Stanford (Task E) on selected low-cost 
substrates for subsequent use in InP deposition experiments using the MO-CVD 
technique. The stability of the CdS film at temperatures used for InP deposition may, 
however, render this configuration impractical. 



2.2 TASK B. IDENTIFICATION, EVALUATION, AND DEVELOPMENT OF INEXPENSIVE 
SUBSTRATE MATERIALS 

This task is summarized in the contract Statement of Work a s  follows: 

Samples of both commercially-available and specially-prepared materials -- 
including high-purity polycrystalline aluminas, special glass-ceramics, some 
high-temperature glasses, and certain metals--will be evaluated for suitability 
of physical properties and chemical stability in the MO-CVD environment. The 
moderate deposition temperatures for InP film growth permit consideration of 
some glasses not feasible as  substrates for CVD growth of other semiconductors. 
Special attention will be given to Kovar, Mo. and W as growth substrates, both 
a s  fabricated sheet and as deposited films. Special substrate preparation 
procedures--including chemical cleaning and processing, mechanical polishing, 
surface texturing, and high-temperature annealing--will be investigated and 
developed to improve surfaces for film growth. Substrate materials will be 
carefully characterized to provide correlation with film properties, with 
the final test of suitability being actual use in the InP MO-CVD environment. 

Several different types of substrate material - each offering one o r  more unique 
advantages - a r e  to be used in this program to optimize the probability of obtaining 
the needed thin-film InP solar cell properties. The selection of candidate substrate 
materials is based on a combination of (1) the known required properties of these 
materials, (2) the availability of either commercially-prepared samples o r  specially- 
processed research samples produced specifically for use in this program, and (3) the 
present-day and probable future costs of the materials when supplied in very large 
quantities. 

Thc rcquircmcnto on oubotratc propcrtics a r e  partially conflicting, and are very 
difficult to meet without some compromise. General criteria used in identifying 
possible substrate materials for consideration for this program are  a s  follows: The 
substrates must be inexpensive, stable, and have desirable mechanical properties for 
cell support; they may be single- o r  multi-Layered. They must also allow a low-resistance 
electrical contact to be made to the active layer, must provide no contamination of. the 
active layer over the long term, must be mechanically compatible with the active layer 
over a wide range of temperature and humidity, and must be transparent to solar 
radiation if a back-wall configuration is contemplated. 

Unfortunately, there does not appear to be a single substrate material that fulfills 
all of the abovc requircmonts. Furthermore, there are adclitional factors which inust be 
considered in  searching for a suitable substrate material to be used with a specific InP 
film growth method. Consequently, i t  i s  more realistic to view the requirements given 
above simply as technical goals for the characteristics of the substrate materials. On 
that basis, there a r e  several different kinds of polycrystalline and amorphous substrates 
that will meet many of the requirements, in combination o r  alone, and a r e  thus being 
considered for use in the program. 

A substrate characteristic that becomes an essential requirement, especialiy 
if the concept proposed for  low-cost solar cells involves the use of very large areas 
of active photovoltaic material without significant concentration of the incident solar 
radiation, is  the availability - o r  potential availability - of the material in large areas - 



as  sheets, o r  plates, o r  flexible foils, o r  in other suitable form. This consideration is 
of relatively less importance for those applications involving the use of small single- 
crystal bulk or  epitaxial photovoltaic cells in conjunction with optical concentrator 
systems. However, even in those instances the total cost per watt of producing the 
overall system could be favorably affected by use of a basic processed cell unit that 
i s  not restricted in size to the maximum dimensions of available single-crystal wafers. 

Additional characteristics that must be considered include the overall compatibility 
of the substrate material with InP. Its linear thermal expansion behavior should be as 
close to that of InP as  possible, at least from the deposition temperature down to room 
temperature. If this condition is not met - o r  closely approached - then the film will be 
under s t ress  when cooled after growth and - depending upon the magnitude of this stress 
and whether it is tensile or  compressive - may have its electrical and structural proper- 
ties seriously affected. It is not uncommon to have a film-substrate composite bowed 
severely as a result of such stresses, and in more extreme cases the film will wrinkle 
o r  fracture or  separate completely from the substrate. Careful consideration must be 
given to this factor - one that often has been ignored in selecting substrates for thin-film 
device design. Figure 2-7 shows the thermal expansion coefficients (TEC) of InP(at one 
temperature)and several materials that a re  used as substrates for deposited films in 
various applications. It can be seen in the figure that several materials have coefficients 
close to that of InP at  room temperature, and a r e  thus of more than passing interest as 
possible substrates. 

In addition, the InP film must be chemically stable with respect to the substrate 
surface, so that any transition layer at  the interface does not cause separation of the 
two components. Also, the substrate surface must be stable relative to the carrier 
gas used in the CVD process. This is  usually Hz,  but if necessary He can probably 
be used with the metallorganic-hydride CVD process to be employed in this program. 

The crystalline nature of the substrate is a major factor in the achievement of 
InP film growth with sufficiently good structural properties to permit fabrication of 
solar cells meeting the eventual goal of 10 percent AM1 efficiency. At one extreme is a 
single-crystal substrate, such a s  InP o r  GaAs, which results - under proper condi- 
tions of temperature, growth rate, and surface preparation - in epitaxial growth of 
single-crystal InP. At the other extreme is the amorphous substrate, which presents 
essentially a passive surface to the arriving atoms; the atoms then migrate over the 
surface and finally congregate at nucleation centers distributed at  random. The latter 
process leads generally to a polycrystalline deposit with a statistical dislribution of grain 
size and orientation, which is then subject to possible modification by various means 
both during deposition and after growth is complete. This is  the main problem area 
involved in this program. 

2.2.1 Specific Substrate Materials to be Investigated 

The approach used in identifying the most suitable substrate for the purpose is to 
include several different materials in the investigations, with the intention to identify 
those potentially inexpensive materials that a re  (or will be) available in relatively large- 
area wafers, slices, strips o r  sheets; that will also withstand the physical and chemical 
environment of the InP deposition process; and that will either encourage large grain 
growth in the developi,ng film or  have a completely non-influential effect, so that other 
parameters can dominate-the process and enhance natural crystalline growth. Only a 
few classes of materials now commercially available can be considered as  candidate 
substrate materials, based on cost, availability, and reported properties. These 
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Figure 2-7. Linear Thermal Expansion Coefficients a s  a 
Function of Temperature for InP and Several Possible Substrate Materials 

include the amorphous glasses, glass-cemmics, polycrystalline ceramics, and 
certain metals o r  alloys. Table 2-1 includes some examples of materi.als that a r e  
being used o r  considered for experimental use in the program; also given a r e  some 
of the pertinent physical properties and representative costs of these materials in 
the current market. 

2.2.1.. 1 Single-crystal Substrates 

Whereas the primary long-range thnist nf t h i s  program involves growth of InP 
films on polycrystalline and amorphous substrates, such a s  those listed in the table, 
experiments with single-crystal substrates a r e  also being performed for baseline 
data and comparative studies of film properties. 

The single-crystal eubstratcn hoing used or planned for use artt GaA8, G e ,  
InP, and sapphire. Investigations with these materials consist mainly of baseline 
experiments to help in the optimization of film growth parameters and of experi- 
mental device configurations, which then will be reproduced on the less-expensive 
polycrystalline and amorphous substrates. 

Single-crystal GaAs and InP a r e  used primarily to establish the CVD parameters 
that will be required to produce films with properties useful for solar cell fabrication. 
The single-crystal GaAs used is in the form of both bulk substrates and epitaxial 
material previously grown on sapphire. Sapphire will be used a s  a monitor and control 
substrate during film growth studies with the low-cost substrates. There i s  a high 



Table 2-1. Examples of Materials Considered for Use as  Substrates 
for InP Growth by MO-CVD, with Typical Present Costs 

I 
I AVERAGE THERMAL 

EXPANSION COEFFICIENT* REPRESENTATIVE APPROXIMATE 
SUBSTRATE (TEMP RANGE) NOMINAL COST FOR RELATIVELY 

IDENTlFlCATlON MATERIALITVPE ( 1 0 . ~  PER DEG C) SURFACE ROUGHNESS PURITY (%) LARGE QUANTITIES 

Co~ning 0211 Lime Borosilicate 
031 7 Alumina Soda Lime = 

1723 Aluminosilicate 
7059 Barium Alumino- 

borosilicate 

<1 Microinch 
<0.5 Microinch 
c0.5 Microinch 
c0.5 Microinch 

$0.031/in.~ (12" x 1 4  sheet) as drawn 
$0.22/in.2 (10,000 4" x 4 )  as drawn - 
$0.11/in.2 (144 sq in.) polished 
$0.04/in.2 (1 68 sq in.) as drawn 

Coors ADS96F Alumina 
ADS995 Alumina 
Vistal Alumina 

MRC Superstrate Alumina 
(Hi Rel) 

3M ASM614 Alumina 
ASM772 Alumina 
ASM614 Lead Borosilicate 
~ 1 7 4 3  Glaze on Alumina 

ASM805 Alumina 
ASM665 Steatite 

- 
- 

<1 Microinch 

c1-2 Microinch - 
$1.23/in.' (0.020" thick, under 100 Kg) 

$0.231in.~ (0.020" thick, under 100 Kg) 

$0.06-0.09lin.2 ($5.50-$811b) 

Tungsten W Sheet 

Molybdenum Mo Sheet 

Kovar Ni-Co-Fe Alloy 
Foil or Sheet 

I Ge Single Crystal Slice Polished one side Semiconductor 
I grade 

GaAs Single ~ry&. l  Slice 6:9(24-200 C) Polished one side , Semiconductor $5-81in.2 
grade 

Sapphire Single Crystal Ribbon 8.4(25-800 c) As produced - Slhn.2 (112 in. wide ribbon) 
$2.39/in.2 (10,000 in.2 with grains) 

InP . ' Single Crystal Slice 4 5 ( - )  As sawed 0/in.2 (1 1-25 in.2) 
grade 

*Referred to 25 C. 
**Referred to temperature at low end of temperature range given. 



degree of confidence in the results obtainable by the MO-CVD growth method on 
(0001)-oriented sapphire. Such substrates provide excellent comparative results for 
evaluating the success of a given experiment in which films a re  grown simultaneously 
on other less-well-known substrates. Furthermore, sapphire can be stripped of 
films previously grown and then'be reused, so its usefulness in this program i s  
considerable, even though in today's market the cost of (0 001)-oriented single-crystal 
sapphire wafers i s  relatively high. 

Consideration will also be given to the use of single-crystal Si and Ge layers a s  
surfaces for InP film growth for solar cells, mainly because of the fairly close match 
of the thermal expansion coefficients and the lattice parameters in the two cases. 
The use of such layers will be considered if the grain size of InP films nucleated by 
GaAs and/or Gap films on the low cost substrates is  found insufficient. 

2.2.1.2 Low-cost Polycrystalline Ceramic Substrates 

Investigations will be made using low-cost insulating polycrystalline ceramic 
substrates which match the thermal expansion coefficient of InP rather closely, a r e  
quite stable a t  InP film growth temperatures, a r e  readily available, possess relatively 
smooth surfaces, and a re  probably chemically compatible with InP. 

The literature unfortunately lacks sufficient data on the thermal expansion 
coefficient of InP a t  different temperatures. A value of 4.5 x 10-6 per deg C i s  
quoted for 300K (Ref 39); this can serve only a s  a guide in the selection of substrate 
materials. However, since the CVD growth of InP on sapphire was demonstrated 
earlier a t  Rockwell (Ref 36) without any evidence of incompatibility, and the TEC 
values for sapphire a r e  slightly larger than those of, the polycrystalline aluminas, it 
appears that these relatively low-cost materials should be compatible with InP. They 
will thus be evaluated a s  possible substrate materials in this contract work. 

Aluminas a r e  available from several manufacturers, in purities from -94 to 99.9 
percent in dense form. Properties of some representative polycrystalline aluminas, 
samples of which were obtained for use in the Rockwell contract program on Si CVD sheet 
growth for the JPL/ERDA Low-cost Silicon Solar Array Project (Ref 40), a r e  listed in 
Table 2-1. Polycrystalline aluminas with purity of 99. 5 to 99.9 percent have been 
fired in Hz to 12500C for about 15 min at Rockwell without any obvious change in surface 
structure. It will be established in this program if aluminas of lower purity (and 
therefore lower cost) a r e  sufficiently stable at  InP CVD growth temperatures. 

Another class of substrate material of initial interest i s  the glass-ceramic. 
These materials have been converted from their original glassy state to polycrystalline 
ceramics by controlled nucleation and devitrification. Through variations in composition 
and heat treatment, glass-ceramics offer a wide range of grain size, crystalline 
orientation, and TEC (from high positive values to negative values, including some that 
a r e  zero over a limited temperature range). It is anticipated that glass-ceramics with 
TEC1s similar to that of InP will be obtained in the program and evaluated a s  substrates 
for the growth of InP. One manufacturer of glass-ceramics (Corning Glass Works) has 
indicated that a glass-ceramic with TEC of -6-8 x 10-6 per deg C can probably be 
produced in sheet form, with relatively large oriented grains. 



Many of the polycrystalline ceramic materials a r e  now available in areas  up to 
about 300 cm2, and the glass-ceramics used today a r e  produced in even larger sheets 
(the order of square meters).  These polycrystalline materials a r e  thus reasonable 
substrates to consider for larger-scale film growth by the MO-CVD process, 
especially when TEC matching to InP has been successfully achieved. 

2.2.1.3 Low-cost Amorphous Substrates 

Glass is an attractive potential substrate material for a number of reasons: It 
i s  inexpensive, many varieties a r e  available in large sheet form, i t  is  transparent in 
the solar spectrum region, and i t  usually possesses an as-formed surface that is 
much smoother than the as-fired surfaces of polycrystalline ceramic substrates. 

Some representative glasses considered for use a s  substrates for  InP film 
growth by the MO-CVD process a r e  listed in Table 2-2. These glasses were identified 
mainly because their softening points a r e  higher than the temperature necessary for 
InP growth by the metallorganic process. On the basis of present knowledge, it seems 
clear that only through tr ial  can the possible value of some of these glasses for InP 
growth be determined. Among available glasses, those with physical properties that 
appear to be best a r e  Corning Codes 0211, 0317, 1723, and 7059, and Owens-Illinois* 
GS186, i. e . ,  those with the highest annealing points a s  well a s  softening points. 

Another substrate type being considered for use in InP growth i s  a combination 
of the above classes, namely, a glass film produced ona polycrystalline ceramic 
(i. e. , a glazed ceramic). The typical glaze formed on a ceramic offers a surface 
finish better than that which can be achieved on the ceramic itself (in an as-fired 
condition) without polishing. The glaze fills in the pores of the surface and can be 
used with a relatively inexpensive non-smooth substrate of lower purity, for example, 
< 99 percent alumina. Presently, however, the commercial availability of glazed 
ceramics is very limited, and glazes with low softening temperatures appear to be 
the rule. This type of composite i s  attractive, however, and various glazes a r e  being 
sought for evaluation a s  substrates for InP growth. 

Table 2-2. Examples of Glasses to be Evaluated a s  
Subs1;ral;es fur InP Growth by MO-CVD Process 

Glass Designation 

Corning 021 1 

Corning 1723 

Iiorntng 1U5Y 

Owens-Illinois GS-186 

3M ASM743 Glaze 
(on ASM614 ceramic) 

I 

Viscosity Data 

Type of Glass 

Lime Borosilicate 

Calcium Aluminosilicate 

tioros~l~cate 

Proprietary 

Lead Borosilicate 
on Alumina 
(96% purity) 

Average Thermal 
Expansion Coefficient* 

in Range 0-300C 
(1  0-6 per deg C) 

7.4 

4.6 

4.6 
5.4 

-6.5 (40  - 540 C) 

Working 
Point 

(C) 

- 
11 68 

'1 '160 
- 
- 

Strain 
Point 

(C) 

508 

665 

58 7 
- 
- 

I 

Annealing 
Point 

(C) 

550 

71 2 

635 
- 
- 

Softening 
Point 
(C) 

720 

91 0 

842 
- 
- 



2.2.1.4 Metals o r  Metal Films a s  Substrates 

Certain metals, both in bulk and thin-film form, a r e  being considered for use 
a s  substrates for InP growth. Three materials stand out above others - namely, 
tungsten (W), molybdenum (Mo) , and Kovar (a nickel-cobalt-iron alloy*). Based on 
TEC data (see Table 2-1 and Figure 2-7), the order of preference is 1) W, 2) Mo, 
3) Kovar. 

These metals a r e  stable in H2, a r e  readily available in sheet and foil form, 
and a r e  relatively inexpensive compared with single-crystal substrates of most 
materials.  F o r  example, the least expensive - Kovar - presently sells for --$0.014 
pe r  cme (-$14U per m2) for  a single sheet 0.10 cm thick, 33 cm wide, and -180 cm 
long. The price drops to --$0.0093 per cm2 (--$93 per m2) for 500 sheets, nnrres- 
ponding to about $12 'per Kg. Mo, on the other hand, sells at. ' ~ $ 6 5  per Kg, and \Y is 
quoted a t  4 1 9 5  per Kg. The availability of these metals in foil form makes a 
continuous (rather than batch) InP film growth process on such foils as subst,rates 
appear feasible. These materials may be compatible with the halide-free MO-CVD 
process for InP growth. 

In addition to the sdlar cel l  work reported by the Bell Laboratories group, 
another account of the successful growth of polycrystalline InP layers on Mo sheet 
has  recently been published (Ref 41). InP was produced by the reaction of In with 
PCP3 in a H2 atmosphere. Pinholes existed in a film grown a t  6500C, but homogenous 
films without pinholes were formed a t  temperatures below 6000C. Grain size tended 
to increase with growth temperature and thickness but was not always homogeneous. 
The mean value of the grain size in a film grown at  6000C was 7pm; a t  5000C,--lpm. 
Columnar growth was observed, but "the columns were found not to grow immedf- . 

ately from the substrate and not to exist in layers deposited a t  temperatures lower 
than about 500°C. Further, layers "thinner than 5 pm were random in orientation" 
i f  grown at  6000C. The authors also observed that, in the case of thin films (about 
1 pm), relatively random orikntation was obtained irrespective of various growth 
temperatures. 

These encouraging results and those of Shay -- et  a1 (Refs 17-19, 28-30) indicate 
that the MO-CVD method should be used for growth of TnP nn Mn snhstrates and the 
results compared with those reported by these other invest.igatr?ra. Similar studies 
should be made on W sheet, to determine if  the better TEC match of W to InP changes 
the properties of the InP. 

2.2.2 Substrate Material Acquisition and Evaluation During F i r s t  Quarter 

Although the experiments for  the f i rs t  several months of this program a r e  
mainly directed toward developing, understanding and optimizing the MO-C VD 
process for the formation of films of InP, contacts a r e  being made with various glass, 
metal, and ceramic manufacturers to encourage their participation in the program. 
Similar contacts have been made for the purpose of obtaining substrates for other 
ERDA-funded programs on photovoltaic thin-film materials a t  Rockwell; in fact, 
most manufacturers have been encouraged to supply substrates for use in al l  of these 
programs. Consequently, evaluations made of substrate properties in the other 
programs a r e  considered pertinent to this program a s  well. 

*Kovar approximate composition is 29 percent Ni ,  17 percent Co, and 54 percent Fe. 



Some recent data of that type for  several polycrystalline aluminas, obtained on 
the ERDA thin-film GaAs solar cell contract (Ref 42) and given previously in reports 
of that work (Ref 43), indicate that none of the alumina materials recently received 
from several sources new to the program is any better in surface characteristics 
(i. e. , apparent grain size as  determined by measurement of surface features in SEM 
examination) than ASM805, a polycrystalline alumina of 99.9 percent purity supplied 
by the 3M Co. 

An encouraging observation is that considerable improvement in the surface of 
ASM805 was achieved by a single refiring of the material for 3 hours at  - 1 6 0 0 ~ ~ ;  
grain sizes a s  large a s  40 pm in one dimension were obtained by this refiring step. 
These large grains may be found to have a preferred orientation that would be compatible 
with good-quality film growth; this possibility will be investigated. 

Other candidate substrate materials have been received from various other vendors 
for possible use in this program. Steatite and cordierite substrates have been received 
from Saxonburg Ceramics (Saxonburg, PA), but the surfaces of these materials a r e  very 
rough and must be polished before they a r e  used for film growth. The same is true of 
steatite supplied by Associated Ceramics and Technology, Inc. (Sarver, PA). A group of 
six different low-cost glasses in slide form has been supplied by Erie Scientific Co. 
(Buffalo, NY). These glasses have lower softening points than the glasses presently 
being considered for semiconductor growth, but when the ranges for InP deposition 
parameters a r e  better established their properties may be compatible, making them 
worthy of consideration as  substrates for InP growth. Amax Specialty Metals Corporatior 
(Cleveland, OH) has offered to supply some Mo, W, and Mo-W alloy sheet for evaluation ut 
this program. These materials will probably become available early in the second quarte 

The specific low-cost substrate materials to be used for initial screening and - 
depending upon availability and compatibility with InP and the MO-CVD growth process - 
possible further use in InP solar cell structures have not yet been finally identified. It is  
expected, however, that the group will include one o r  more representatives of the follow- 
ing material types: (1) polycrystalline alumina ceramic (e. g. , refired A.SM805 from 
3M Co); (2) glass-ceramic (e. g., Corning Code 9606); (3) glass (e. g., Corning Codes 
7059, 0211); and (4) metal sheet (e. g., Mo). Identifications will be made during the 
second quarter of the program. 

The most critical -and most inportant - test of the suitability of a given substrate 
material i s  the so-called Ituse test. 'I Specifically, initial screening will involve the use 

. of procedures yet to be established for growing. InP films by the MO-CVD process. 
Careful attention will be paid to the physical characteristics of the early stages of 

' growth, contamination of a neighboring piece of sapphire during growth, and the stability 
. of the composite film-substrate structure after film growth in evaluating the suitability 

of a given substrate material. Such tests will begin with the selected candidate materials 
during the coming quarter. 



2.3 TASK C. GROWTH OF InP FILMS BY MO-CVD ON INEXPENSIVE SUBSTRATE 
MATERIALS 

This task is  summarized in the Statement of Work as  follows: 

CVD parameters and procedures developed in Task A with single-crystal 
substrates will be applied to  InP film growth on the inexpensive substrate 
materials identified in Task B. The TEI-PHQ reaction will be investigated 
in He carr ier  gas for use with glasses (or other materials) found to be 
unstable in H2, the preferred carrier gas. Modifications in other CVD 
parameters - such a s  temperature, reactant concentration ratios, and 
dopant concentrations - will be evaluated in terms of the effect upon film 
properties achieved in InP grown on polycrystaiiine and amorphous sub- 
strates. Effects of interface layers of metals o r  other semiconductors 
on the properties of the In?? filma will be evaluated, &, o&u annealing 
procedures and two-step growth procedures involving chahges in deposi- 
tion rate and temperature cycling over limited ranges will be investigated 
as  possible means for improving the structural and/or electrical p r o p  
perties of the InP films. Similarly, procedures developed in Task 13 for 
producing substrate surfaces that a re  more favorable to large-grain 
InP film growth will be fully exploited in these investigations. 

A.s indicated in the preceding section, the principal effort on this task will 
begin later in the program. However, some preliminary growth experiments on 
inexpensive substrates will be conducted soon for obtaining comparative information 
on growth processes. Results of these experiments will be discussed in subsequent 
repofis. 

The efforts of Task A are devoted to development of appropriate CVD parameter 
and procedures for LnP film growth primarily on single-crystal substrates, to reduce 
the complications associated with substrate properties to a reasonable minimum 
while the CVD process itself is  examined. 

As soon as  the principal CVD parameters required for satisfactory InP depo- 
sition are  established with reasonable certainty, deposition experiments wit1 be 
undertaken using some of the inexpensive substrate materials identified, acquired, 
and evaluated under Task B. It i s  expected that the experiments with these substrates 
will begin no later than the end of the fifth month of the proposed program, and 
will continue to the end of the contract performance period. 

Special modifications in the MO-CVD process and specific parameters used - 
such a s  carrier gas composition, nature of interface layer used (if any), and compo- 
sition of back-contact conducting grid or layer - may have to be developed for the 
low-cost substrates selected for study. Experience at Rockwell has shown that the 
properties of.the substrate can dictate which process for film formation is  preferred 
and what growth atmosphere can be tolerated. For example, a substrate unstable in 
a H atmosphere can probably not be used with those CVD methods that require H2, 
sucE a s  the PC$-In-H2, InP-PC&H2, and In-HCl-pH3-H systems previously 
referenced. The MO-CVD process for InP film growth,alt % ough initially developed in 
a H2 carrier gas, can be expected to behave like the TMG-AsH3 process which produced 
GaAs in a He atmosphere (Ref 44) as  well as  in H2. 



If some of the low-temperature glasses a r e  not stable in H2 then growth of InP 
using the TEI-pH3 process will be studied in a H c  atmosphere, a s  is now being done 
a t  Rockwell for Si growth f rom SiH4 on selected glasses. There is no obvious reason 
a t  the present time to consider ca r r i e r  gases other than H 2  o r  He for InP film growth 
experiments on the other substrates of interest, i. e. , the aluminas o r  the metals. 

Other modifications in the C VD process may be required because of special 
properties of some of the substrates. These modifications can include changes in 
C VD parameters such a s  temperature, gas composition and ratio of reactants, dopant 
concentrations, and other parameters that may affect the growth rates and the film 
nucleation phenomena. When the substrates a r e  screened and the most promising 
determined, the CVD parameters previously established for single-crystal substrates 
will initially be applied to the low-cost substrates. Generally, i t  is expected that 
only small modifications in established parameters will be necessary to produce 
acceptable films with grains large enough f o r  experimental device use. The same 
approach will probably be valid i f  interface layers a r e  grown to encourage better InP 
film characteristics. 

The doping conditio~ls and data determined for the growth of single-crystal 
films of InP using the hydrides and metallorganics a s  dopant sources will serve a s  
valid references for controlling the properties of polycrystalline films grown by the 
MO-CVD process. Some differences observed will relate to defects in the films 
caused by lattice mismatch and other inhomogeneities at the film-substrate interface. 
However, the principal change in the observed efficacy of a given dopant concentration 
introduced into the film structure will be caused by the grain boundaries in the poly- 
crystalline films, which may tend to encourage excessive uptake of impurity without 
measurable effect on the intragrain properties of the film. It will be necessary to 
conduct a ser ies  of experiments with various impurity concentrations added during 
growth to the polycrystalline InP film and simultaneously to an adjoining epitaxial 
InP film (grown on a single-crystal substrate), to establish the effective doping 
behavior of various nominal concentrations of impurity. 

If interface layers a r e  used it will then also be necessary to consider hetero- 
junction formation and "autodoping" effects due to the interface layers, and to deter- 
mine what role these might play in the properties of the InP. In some cases, to effect 
a better back contact to the active InP layer a heavily-doped p+ layer will be grown 
prior  to the active p-layer. It will be interesting to determine if such a combination 
leads to improved ca r r i e r  lifetimes, a s  was found for Si films on sapphire (Refs 45,46). 

Attempts will also be made to improve the properties of the InP films by 
special substrate surface treatments, film annealing procedures, two-step deposition 
to enhance nucleation, and the use of intermediate layers of a third material. These 
and other aspects of this task will be discussed in greater detail in later  reports. 



2.4 TASK D. EVALUATION OF InP FILM PROPERTIES 

This task is summarized in the Statement of Work a s  follows: 

A variety of materials characterization methods will be used to evaluate 
films grown on various substrates in Tasks A and C. Early in the program 
emphasis will be placed on dctcrmination of properties of InP grown on 
several single-crystal substrates, and on development and evaluation of 
electrical contacts on p- and n-type InP. Films later  grown on inexpensive 
polycrystalline and amorphous substrates will be evaluated for evidence of 
film-substrate lnteractlons, preferrerl orientation tendencies in the films, 
grain sizc, and film surface topography. Surface profilometry, X-ray 
diffraction analyses, scanllrng electron mlcroscvpy examlnallun, refleullull 
electron diffraction analyses, and replica electroil microscopy wll l  be used 
for structural characterization. Auger electron spectroscopy, electron 
microprobe analysis, and ion-microprobe mass  analysis will be employed 
where appropriate. Electrical properties of the films will be determined 
by Hall-effect measurements of transport properties, C-V analyses with 
Schottky-barriers, spreacljng resistance measurements, EEIC scans in 
the SEM (for determination of minority c a r r i e r  properties), and other 
techniques a s  required. Optical transmission spectra, reflectance spectra, 
and surface photovoltage measurements will also be used to supply 
additional information about film properties. 

Characterization of InP properties will constitute a large portion of the total 
program activity. Analysis by a variety of characterization techniques provides not 
only useful feedback for the development of thc CVD process but also assistance in 
the selection of substrates for use in device fabrication. Electrical evaluation of 
film properties and contact properties establishes the suitability of doping levels and 
contact technolom. Interactions of the low-cost substrates and the grown films will 
be examined carefully. Preferred orientation tendencies in the films, grain size 
and shape in the films (including any dependence upon distance from the film- 
substrate interface), and film surface topography a r e  a l l  good indicators of the 
influence of the substrate on the properties of the film. Measurable improvement 
in a l l  of these properties must be obtained a s  the program progresses. 

Very little of thc program effort expended to date has been devoted to film 
evaluation, since InP films grown in the new CVD reactor system only recently 
f i r s t  became available (see Task A discussion). As a result, most of the work under 
this task has  involved planning and preparation of characterization apparatus. It is 
expected that many of the techniques being explored and developed, as well as  those 
being routinely used, for characterization of GaAs polycrystalline films on the 
companion ERDA contact (Ref 42) will also be of use in this program for evaluation 
of polycrystalline InP. In addition, routine characterizalion techniques commonly 
employed for  single-crystal materials a r e  also available and will be used in this 
program a s  required. 

Specifically, the best available X-ray, electron and optical microscopy 
techniques will be used in conjunction with more conventional metallographic tech- 
niques to evaluate the physical and structural properties of the InP films. Analysis 
of film compositions and impurity content will be used a s  needed to ass is t  in charac- 
terization of the films and evaluation of the MO-CVD process a s  it is being applied 



in this program. Hall-effect, C-V, and spreading resistance measurements will 
rolitinely be performed on the InP samples as a guide for future film growth and 
device design. Development of a low-resistance contact to p-type InP suitable for 
use with films grown on insulating substrates will be pursued in parallel with film 
growth studies, to ensure that the CVD development is supported by an adequate 
contact technology. Also, minority-carrier diffusion lengths in p-type epitaxial and 
polycrystalline InP films and their spatial variation will be monitored by suitable 
techniques, development of which must be undertaken early in the program. Finally, 
certain optical properties of the films will also be measured, to assist  in characteri- 
zation of the films themselves and to provide information important to device design 
and fabrication. 

2 . 4 . 1  Properties of Films Grown in F i r s t  Quarter 

Some of the f irst  films of InP grown on GaAs substrates have been evaluated 
using RED and SEM techniques, and the electrical properties of several of these films 
have been measured. The primary motivation in these early experiments was to 
determine a t  what temperatures epitaxy occurs and to determine the growth rates for 
various flow conditiorls and reactor con£igurations. The results show that epitaxy of 
InP on GaAs occurs at temperatures a s  low a s  -5250C with the MO-CVD technique, 
a s  described in the Task A discussion. 

The electrical properties of two of the thicker undoped films were determined 
by van der Pauw measurements of the Hall effect. Ohmic contact was made to the 
films by means of small dots of In metal pressed onto the film surface. No evidence 
of :rectification was observed'for any of the contacts. 

The results of these measurements on undoped films a r e  summarized in 
Table 2-3. The significance of the large difference in ca r r ie r  mobilities for these 
films - both of which were epitaxial - is  not understood a t  this time. The c a r r i e i  
concentration typical of the undoped films prepared in this reactor system appears 
to be consistently the order of 1016 cm-3. Further details of the properties of these 
and other films will be given in later  reports. 

Table 2-3. Electrical Properties of InP Films Grown on 
Single-crystal GaAs Substrates a t  -5800C 

MOBILITY 
( cm2/v-sec) 

1990 

118 

ELECTRICAL PROPERTIES 
CARRIER CONC. 

( ~ m - ~ )  

1 . 4 ~ 1 0 ~ ~  

5 . 6 ~ 1  015 

SUBSTRATE 

(100) GaAs 

(111) GaAs 
("A" face) 

FILM 
THICKNESS 

( ~ m )  

- 5 

-7 

FILM 
COND. 
TYPE 

n 

n 

RESISTIVITY 
(ohm-cm) 

0.23 

9.4 



2.4.2 Characterization Techniques fo r  Evaluation of Single-crystal and 
Polycrystalline Films of InP 

Many of the techniques to be used for evaluation of films being grown in the 
program have been applied in the current studies of GaAs and Si films on low-cost 
substrates (Refs 38, 42) and a r e  developed to the point of being routine. Others a r e  
still being developed, and the synergism of the ERDA programs in progress a t  
Rockwell should benefit al l  of the work. 

Metallographic techniques have been developed to a high degree at  Rockwell and 
have been successfully employed for  the evaluatlon of thin polycrystalline films of 
GaAs and Si on low-cost substrates. Though polishing techniques for 1nP a r e  not as 
highly dcvcloped, it is expected that metallography will be used exteilsively in 
examining the films grown in this program. 

X-ray diffraction techniques a r e  routinely used in the evaluation of poly- 
crystalline GaAs and Si films to determine grain size and preferred crystallographic 
orientations. The same methods will be used routinely on the InP and other films 
being prepared under this contract. A polycryslalline powder sample of InP will be 
prepared, to serve a s  a reference standard for X-ray linewidths and intensities for  
preferred orientation determination and, where grain sizes a r e  small enough to be 
within the range of the method, particle size measurement by line broadening. 

It is expected that SEM techniques utilizing secondary electron images and 
electron-beam-induced current (EBIC) images will be used extensively to examine 
the physical characteristics of the films. 'I'echniques for  employing the EBIC mode 
to determine grain boundary 1ocat;ions a r e  being developed and will be applicd, if 
successful, to InP. In addition, energy dispersive X-ray analysrs (EDAX) Is  
available on thc EEhI to dotormino qualitatively the chemical ccrnstituents if s1112straPc?6, 
fillns - .  or interfaces. 

The electrical properties of the lnP films will be characterized by van d e r  Pauw, 
Hall bridge, and C-V techniques. These techniques a r e  now in routine use, and near- 
future capital expenditures for  new equipment will provide additional capability In thls 
area.  Spreading resistance measurements have been extensively used to characterize 
polycrystalline Si films, and attempts will be made to apply this technique to poly- 
crystalline InP films, a s  well. 

Minority c a r r i e r  lifetime properties will be expolored for both single-crystal 
and polycrystalline InP. In the former ca.se, surface photovoltage measurem.ents 
call be employed in addition to the EBIC techniques. For  polycrystalline films of 
InP surface photovoltage measurements will provide only an effective diffusion length. 
All apparatus for making these measurements i s  now available for these studies. 

Apparatus for.pl-lotoluminescence mensurcmcnto will soon be available to 
examine the quality of single-crystal and polycrystalline materials, and will be used 
where appropriate. Other optical characterization techniques, such a s  transmittance 
and reflectance measurements, a r e  readily available and will also be used where 
necessary. 



2.4. 3 Ohmic Contact and Schottky Barr ier  Development 

As indicated in the Task E discussion, ohmic contact development for InP has 
already begun a t  Stanford. As it i s  further developed, this technology will be used a t  
Rockwell for device and experimental sample preparation. 

Optically-semitransparent Au Schottky bar r i e r s  a r e  being considered for use 
in InP Schottky-barrier solar cells and fo r  materials evaluation purposes. Bar r ie r  
heights of 0.8 eV have been determined fo r  Au on p-type InP, a value that should be 
suitable for  initial requirements. Further details of this work will be reported later,  
a s  the work progresses. 



2.5 TASK E. FORMATION AND EVALUATION OF HETEROJUNCTION PHOTOVOLTAIC 
DEVICE STRUCTURES ON InP FILMS 

This task i s  summarized in the contract Statement of Work a s  follows: 

The properties of electrical charge transport in and electrical contacts 
to  films of h P  formed by the MO-CVD method will be investigated, and 
heterojunction structures will be formed between the InP films and 
layers of CdS, ZnCdS, ZnSe, and ZnSSe prepared by vacuum deposition 
o r  solution spraying, and their properties evaluated. 'l'his work will 
continue throughout the contract period, and ,will involve activity in five 
areas: (1) evaluation of the h Y  CVD layers on both single-crystal and 
polycrystalline substrates (includes contact development and evaluation, 
and transport measurements); (2) deposition of CdS films on InP layers 
by vacuum deposition or solution spraying, and extension of work to 
include films of ZnCdS solid solutions on the InP, to make heterojunction 
structures; (3) deposition of ZnSe films on InP layers by vacuum depo- 
sition to make wide-window heterojunction cell structures, and extension 
of work to include ZnSSe solid solutions for wider window; (4) prepara- 
tion of CdS films on ITO-coated substrates for use a s  growth surfaces 
in experimental InP depositions at Rockwell; and (5) characterization 
measurements to evaluate the photovoltaic properties of the heterojunction 
structures (including dark and light J-V characteristics, dark and light 
junction capacitance, minority carr ier  diffusion lengths in SEM, and 
spectral dependence of Is, 1. 

The work of this task is  being carried out by personnel of the Stanford University 
Department of Materials Science and Engineering, under the direction of Prof. 
Richard H. Bube a s  Principal lilvestigator, on a subcontract from Rockwell. Negoti- 
ation of the subcontract was not completed until the third month of the contract, so 
formal funding has been available for only a short time. 

The technical objective of the subcontract work a t  Stanford is  the formation of 
heteroiunction device structures by deposition of films of nther aemir.on_dract.ors on 
the InP films prepared at Rockwell, and the evaluation of the photovoltaic properties 
of the resulting composites. Emphasis will be on deposition of CdS films, but films 
of ZnCdS, ZnSe, and lnSSe wi l l  also be utilized. The Stanford work will continue for 
the remainder of the contract performance period and will include all activities 
stipulated in the above Statement of Work for this task. 

The work in the first quarter was concerned primarily with the characterization 
of bulk. single-crystal InP and with the formation and properties of electrical contacts 
to this material. 'I'hese investigations have provided background information and 
working experience for application to the single-crystal and polycrystalline films of 
InP being prepared at Rockwell by the MO-CVD technique. Ohmic contacts having 
low contact resistance have been successfully made during this period. 



2.5.1 Characterization of Bulk Single Crystals of InP 

A small crystal of mostly single-crystal p-type InP (Zn-doped) was obtained, 
and this was sawed into wafers approximately 5 mm x 3 mm for use in a variety of 
experiments. A suitable mask was prepared for  deposition of an electrode pattern 
on the samples in order to make Hall-effect measurements a s  a function of tempera- 
ture, in both dark and light condition. The surface of each specimen to be measured 
was polished to a 15pm finish, af ter  which Au/Zn/Au contacts were deposited by a 
vacuum evaporation method (see Section 2.5.2). 

A wide range of conductivities was found among the sample crystals of InP 
examined. The temperature dependence of the conductivity for  three such samples 
is shown in Figure 2-8. Although the conductivity differs by a factor of a s  much a s  
50 between sample 1 and sample 3, the general temperature dependence of the 
conductivity i s  the same, with a maximum occurring between 110 and 1250K. Sample 3 
is a coarse-grained polycrystalline sample obtained from the same parent crystal a s  
samples 1 and 2; grain sizes a r e  the order of 1 mm in average dimension. 

The Hall effect was measured a s  a function of temperature for samples 1 and 2. 
The variation of hole density with temperature is given in Figure 2-9 and the variation 
of hole mobility in Figure 2-10. The low-temperature hole density has an activation 
energy of about 0.02 eV in both samples, and the hole mobility varies witha power of the 
absolute temperature close to -2. The room-temperature and the 77OK values of hole 
density and the mobility for  the two samples a r e  summarized in Table 2-4. Hall-effect 
measurements on the polycrystalline sample were not completed before the end of the 
quarter. 

t SAMPLE 1 1 

Figure 2-8. 'I'emperature Uependence of Uark Conductivity for P-type 
InP; Single-crystal Samples (1 and 2) and Coarse-grained Polycrystalline 

Sample (3) Cut from Same Parent Crystal 

4 1 
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Table 2-4. Electrical Properties of Single-crystal P-type 
(Zn-doped) hJ?* Obtained from Hall-effect Measurements+* 

*Obtained from Varian Associates, Palo Alto, CA. 
**Hall-bridge method used. 

tCut from same parent crystal. 

% .  . . SAMPLE 

No. 1 (single crystallt 

No. 2 (single crystal)t 

2.5.2 Preparation and Evaluation of Contacts on InP 

The nature of contacts of Au/Zn/Au on InP has been investigated, both after 
deposition by vacuum evaporation and after formation by an electrolytic deposition 
process. Contact resistance at 3 0 0 ' ~  as  well a s  its temperature dependence have 
been investigated as a function of InP surface preparation, method of contact 
deposition, and ,post-deposition processing. 

Contacts were made to samples 1 and 2 (above) and to other samples, a s  well, 
by the method of vacuum evaporation. A 3001-thick layer of Au was covered by a 
300A-thick layer of Zn, which was in turn covered by a 1000-2000kthick layer of Au. 
The InP was polished to a 15 pm finish before deposition of the first layer. 

HOLE CONCENTRATION 
(em-3) 

After heat tzeatment in Hz, the contacts to samples 1 and 2, which were used 
in the Hall-effect measurements, were also used to measure the contact resistance 
a s  a function of temperature. The contact resistance varied with temperature in a 
manner quite analogous to ,the bulk resistance of the InP, having a minimum value 
of 0.27 ohm-cm2 for sample 1 and of 4 ohm-cm2 for sample 2 at the temperature 
where the bulk conductivity is  a maximum (cf Figure 2-8). A plot of contact resist- 
ance as a f~m.di.on of bilk resistance for samples 1 and 2 i s  given in Figure 2-11. For 
both samples the contact resistance varies as  about the 3/4 power of the bulk 
resistivity. 

293OK 

9 . 1 ~ 1 0 ~ 5  

2.8x1015 

HALL MOBILITY OF HOLES 
(crnZ/~-sec) 

Other samples of single-crystal InP were used to determine the properties of 
evaporated Au/~n/Au contacts as  a function of heating time and temperature in H2. 
One set of contacts was heated for a total period of 15 min at 4 7 5 ' ~  in H2, with testing 
at 5 min intervals; measurements of the I-V characteristics indicated rectifying 
properties persisted. A second set of contacts was annealed for a total of 4 min in 
1 m.in. interva.lc;. ohmic behavior was observed, with a final contact resistance of t '  0.15 ohm-cm . 

7 7 0 ~  

1 . 9 ~ 1 0 ~ 5  

6 . 7 ~ 1 0 ~ ~  
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Measurements of I-V as  a function of temperature for the first rectifying 
contacts showed a family of straight lines on a .'In I-vs-V plot, with essentially the 
same slope between 82 and 300'~, suggesting a tunneling mechanism as  the dominant 
process. The magnitude.of the current was thermally activated with an activation 
energy of about 0.05 eV at higher temperatures. 
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Figure 8-11. Correlation between Contact Resistance and Bulk Conductivity 
for  Two Single-crystal Samples of InP, a s  Sample Temperature i s  Varied. 

(Contacts a re  evaporated AU/Z~/AU,  annealed in H2 at 475Oc.) 

For the sample with the contact resistance of 0.15 ohm-cm2, the contact 
resistance and the bulk resistivity were also measured a s  a function of temperature. 
The bulk behavior was quite similar to that shown for sample 2 in Figure 2-8. The 
contact resistance was essentially independent of temperature, maintaining a value 
of 0.15 ohm-cm2 within 20 percent throughout the range examined. 

Contacts of Au/Zn/~u  have also been deposited on InP single crystals by an 
electrodeposition process. These contacts consist of a thin Au layer on the InP 
surface (previously polished to a 15 pm finish), a thin Zn layer on the Au, and a 
final thick layer of Au. As deposited, the contact i s  non-ohmic and of high resistance, 
but annealing in H between 350 and 4760C und for timcs between 15 see and 5 min 
greatly improves h e  contact quality. The lowest contact resistance obtained to date 
by this method has been 1.5 ohrn-cm2. obtained after annealing for  4 min at.350oC 
in H2. 

The properties of the contacts deposited on the coarse-grained polycrystalline 
InP sample, the temperature dependence of the conductivity for which i s  given in 
Figure 2-8 (sample 3), have not yet been fully evaluated. The temperature dependence 
of contact resistance on this sample will be examined early in the next quarter. Since 
the InP films to be grown on the low-cost substrates later in the program will undoubt- 
edly be polycrystalline the results obtained with this sample will be of special 
interest. 



2.6 TASK F. ANALYSIS AND.PROJECTION OF CELL PERFORMANCE AND COSTS 

The summary of this task given in the contract Statement of Work is  a s  follows: 

Early in the program, based on the conceptual cell design to be used as  the 
baseline reference for the technical activities a s  the contract work progresses, 
estimates will be made of anticipated photovol.taic performance and of present 
actual cell costs for experimental quantities. Projections of possible future 
costs for large-scale production will also be made early in the program. 
These cost and performance analyses will be updated periodically during the 
conduct of the program, a s  technical progress and/or economic factors 
indicate new influences. During the final two months of the contract, best 
estimates of future costs for large-scale production of such cells will be 
projected, based on the analyses of present actual costs of materials, 
processing costs (including labor), and capital equipment and facilities 
requirements, compiled from data available from the program, from the 
Contractor's facilities engineers, from materials and equipment vendors, 
and other sources. 

Since future large-scale terrestrial  application of solar photovoltaic power 
conversion systems will require costs per watt of output power that will be competi- 
tive with other alternative power sources, analyses and projections of future costs 
will be carried out for the InP heterojunction cell design under development in this 
program to provide an indication of the economic - in addition to the technical - 
feasibility of the concept. The investigations a re  intended to lead, within five years 
a t  most, to the ability to produce solar cell structures having a 10 percent ,AM1 
power conversion efficiency. Further, the work of the program must be directed 
toward the long-range goal of production of 5 x 104 Mw peak power of such cells per 
year by the year 2000, at a selling price of $100 to $300 per peak Kw. 

To provide guidance toward such goals, a tentative conceptual cell design must 
be adopted early in the program and the costs associated with producing such a photo- 
voltaic cell analyzed in terms of present costs of material, facilities, and labor. At 
the same time, evaluations must be made of probable photovoltaic performance to be 
expected in the early stages of the development work. Preliminary projections must 
also be made of both future performance and future costs, based on reasonable 
assumptions about technical progress in the program and the usual types of economic 
factors involved in such analyses. 

As technical progress is  made in the investigations a t  Rockwell and a t  Stanford, 
and a s  any new economic factors appear that might influence the analysis, the per- 
formance and cost projections will be updated; the results of such updating will be 
discussed in the contract reports. If necessary, a s  a result of the technical develop- 
ments, the conceptual cell design will be appropriately modified from time to time. 

Information will be gradually assembled throughout the contract performance 
period so that a reasonably accurate picture of possible future costs of producing InP 
thin-film solar cells and arrays by the MO-CVD method can be developed in the last  
two months of the contract. By that time, many of the important questions about 
future costs will have been answered in a preliminary way by the experience gained 
in the program and by continuing discussions with materials and equipment suppliers 
a s  well as  Rockwell facilities engineering and microelectronic manufacturing 



personnel. Consultations with manufacturers of commercial CVD reactors will be 
included in this activity in order to have useful and realistic guidance in arriving a t  
the long-term cost projection. Best estimates of future costs fdr large-scale pro- 
duction of such cells will then be projected and the results of the analyses will be 
discussed in the final contract report, with recommendations given for subsequent 
actions relative to factors identified during the study. 

- - . . - - . 

2.6.1 ~ r e l i m i n a r ~  Cost considerations 

The future cost (i. e.,  market price) goals for the National Photovoltaic 
Conversion Program a r e  $500 per  peak Kw by 1985 and $100 to $300 per peak Kw by 
2000, with annual production capacities in those years of 500 peak Mw and 5 x 104 
peak IVlw, respectively. Un the basis 01 the technical goal of 10 percent efficiency 
for  low-cost polycrystalline solar cells in those same years, it follows that any 
process to be considered must produce the large areas  of cells at  total costs not 
exceeding $50 per  m2 in 1985 and $10 to $30 per  m2 in 2000. 

The 1985 goals of the ERDA/JPL Low Cost Silicon Solar Array Project provide 
further indication of the significance of these cost figures. The Si material cost 
goal for 1985 i s  $10 pe r  Kg. The cost goal for production of large a reas  of Si sheet 
is ~ $ 1 7  per m2 (beyond the Si material cost), while the cost goal for  fabricatin solar 
a r r ays  (including contacts, bonding, encapsulating, etc) is another -$I7 per m 5 
beyond the sheet fabrication cost. The Si cost q a l  of $10 per Kg corresponds to 
$0.23 per m2 for 10 pm thickness, $0.17 per m for 20 prn thickness, $2.33 per rn2 
for  100 pm thickness, and $4.66 per m2 for 200 pm thickness. Clearly, the Si cost 
in relative1 thin films, layers, o r  wafers is a small portion of the allowable total 
cost per m d  

With these 1985 Si cost goals a s  a guide, some upper limits can be set  on 
materials costs, film formation costs, and cell a r ray  fabrication costs for  thin-film 
polycrystalline 1nY cells in that same time period. Thus, for such InP cells to com- 
pete with low-cost Si cells (both presumed to operate a t  10 percent AM1 efficiency), 
the materials costs should not exceed $16 to $17 per m2, if  the same costs  a r e  
allowed for film production and for  a r r ay  fabrication in both cases. On a proportional 
basis, the corres  onding figures for  the gearG2000 - in which the total cost goal is 
$10 to $30 per  m x -  would be $3 to $10 per  mL for materials, $3.50 to $10 per m2 
for film formation, and another $3.50 to $10 per m2 for a r r ay  fabrication. 

Fo r  purposes of projecting possible cost limits the cell design (yet to be 
developed in detail) will be assumed to be of the heterojunction configuration, with 
the basic construction a s  follows, beginning with the back surface (substrate) and 
progressing toward the front o r  incident-light surface: 

Substrate - Consists of polycrystalline alumina, glass-ceramic, o r  metal sheet 
of -15 mils (375pm) thicluness, o r  other composit~! not yet identified. 

Backside contact - Consists of deposited (PVD, CVD, o r  sputtered) o r  
screen-printed metal grid o r  continuous metal layer the order of 1pm 
thick (to be omitted if InP film is grown directly on metal substrate). 

Cell base layer - Consists of p-type InP deposited by MO-CVD, -- 5pm 
thick although variable with design details to be developed. 



Cell front layer - Consists of n-type CdS formed by vacuum deposition, 
probably 1 to 5 pm thick but subject to'design details. 

Front-surface contact - Consists of deposited metal grid (or transparent 
deposited layer of indium tin oxide over entire front surface) having widely- 
spaced narrow fingers -1 pm thick, to provide required contact to individual 
grains of polycrystalline CdS layer, with low ser ies  resistance and high optical 
transmittance (-90-95 percent). 

Antireflection coating - Consists of deposited (PVD o r  CVD) o r  spin-on 
coating of appropriate material to provide reduction of reflection losses 
and mechanical protection for cell structure. 

For  purposes of estimating approximate costs of the film production process, 
only the substrate, the deposited films, and the contacts will be considered, since 
these a r e  the elements essential to acquiring composites suitable for  a r ray  fabrica- 
tion. A total semiconductor thickness of lOpm is assumed; a substrate thickness 
(whatever the composition) of 15 mils (375pm) i s  also assumed. 

A rough estimate of the "materials value" of such a configuration can be 
developed in terms of present market prices for  the various key materials involved. 
For  the cell base layer of InP (density 4.8 g ~ m - ~ )  a film 5 pm thick would contain 
24 g of the compound per  m2. The CdS window layer, also 5pm thick in the cell 
design assumed, would also contain about 24 g per m2. In terms of approximate 
prices (Ref 47) for bulk materials (but not in large volume purchases), the InP layer 
has a materials value of about $1.53 per  m2 and the CdS layer a materials value of 
about $0.13 per  m2. Thus, the combined materials value of the lOpm heterojunction 
composite is $1.66 per m2. For  comparison, a lOpm composite layer consisting of 
4pm of GaAs and 6 pm of Gag. ~ M o ,   AS, such a s  is  required for one form of the 
GaAs window-type solar cell, has a materials value of $9.20 per  m2 calculated on the 
same basis. The main difference in the two configurations is the present high cost 
of Ga. 

A layer of the same total thickness (10pm) would have associated with it a 
materials value of about $1.40 per m2 if it contained Si a t  the present price of ~ $ 6 0  
per  Kg. A lOOpm layer of Si a t  present prices would cost about $14 per m2; this is a 
more realistic thickness for a Si solar cell, even one consisting of a deposited film. 

If the materials value for the CdS/InP composite is calculated in terms of 
ultrahigh-purity materials, such a s  a r e  required for most semiconductor synthesis 
operations, then the amounts become $5.40 per m2 for the InP layer and $3.90 per m2 
for the CdS, for a total of $9.30. This amount is similar to that given above for the 
GaAfAs-GaAs composite. 

If the CdS/InP heterojunction structure is to be formed on an insulating sub- 
strate, so that a gridded deposited-metal contact is applied a t  the InP-substrate 
interface to contact the p-type base layer, then the materials value associated with 
that grid must be added. Fo r  a dense square grid pattern with 5 percent coverage 
and consisting of lines 501,tm wide and 1 pm thick, the cost will be about $4 per m2 
if the contact material .is the Au/~n /Au composite that has been used for ohmic 
contact to p-t'ype InP. Similarly, if the same grid pattern is applied to the front 
surface of the cell (i. e . ,  on the CdS layer) and if ultrahigh-purity In metal i s  used, 



then the associated materials value is $0.10 per m2. The electroding cost is 
obviously dominated by the contact containing the Au. A reduction in thickness of 
the grid lines by a factor of two - to 0.5 pm instead of l p m  - would lower the asso- 
ciated cost to $2.10 per m2 instead of $4.10 per  m2 for the two sets  of contacts, and 
appears to be a reasonable alternative. 

If the substrate is a high-purity polycrystalline alumina wafer of the type listed 
in Table 2-1, then its materials value would be ~ $ 1 2 0  per  m2 - fa r  too high relative 
to the other cost factors. Similarly, the metals of interest because of their TEC 
values - Kovar, Mo, and W - a r e  very high in cost in normally fabricated forms. 
Kovar, the least expensive of the three, would contribute ~ $ 3 7 . 6 0  per m2 to the cost 
total if current prices per gram for large quantities of sheets 0.10 cm thick a r e  used 
in the calculation. On the other hand, certain low-carbon S ~ A P ~ S  t h a t  are ava il.able 
in several thicknesses and large s t a n d a r d  shppts a r e  p r i c e d  as low as -..$l por m2, 
for  the thickness considered here. 

Thus, the three materials cost elements - semiconductor films, contacts, and 
substrate - represent a total materials value ranging from about $12.50 per m2 up- 
ward, depending largely upon the particular substrate material involved. The lower 
end of this range is  well below the total cost goal for  1985 and somewhat helow the 
materials cost goal for that period, and it is within the range of the upper and lower 
limits for total costs for  the year 2000 (but above the materials cost goal alone for 
that year). 

Although several factors have been totally neglected, it does appear that the 
heterojunction configuration proposed for fabrication by the MO-CVD technique has 
promise of achieving the economic a s  well a s  the technical goals of the national 
photovoltaic program if  the problem of identifying a satislactory substrate material 
that can be manufactured inexpensively can be solved. 

The principal direct materials coats invnlved in prnd~icing the InP layers by 
the MO-CVD process a r e  those associated with (1) the substrate (simple o r  compos- 
ite); (2) the high-purity compounds used a s  sources of the films deposited on the 
substrate; (3) the ca r r i e r  gas, which for some substrates can be H2 but which might 
in some instances be He; (4) doping gases, to provide necessary .impurities to be 
added to the two layers;  and (5) miscellaneoous materials used in t h e  C V n  p r n c e s s ,  
such a s  liquid N2 for condensation traps in gas lines, bulk gas, water, cleaning 
solvents, etc. 

The corresponding direct materials costs associated with producing the CdS 
films on the InP to form heterojunction structures are r e l a t e d  tn  (1) the ultrahigh- 
purity compound used for the vacuum deposition process; (2) liquid nitrogen consumed . 
in the cold traps of the vacuum system; (3) doping impurity added to the growing film; 
(4) miscellaneous source heaters that a r e  gradually "consumed" in the vacuum 
deposition process; and (5) miscellaneous materials used in the vacuum deposition 
process and any associated post-deposition treatment of the composite. 

To these direct materials costs, of course, must be added appropriate labor 
costs, overhead costs, and interest and depreciation costs in order to obtain a 
measure of the total cost per m2 (or per  watt) for cells of the type described. 



2.6.2 Detailed Materials Cost Estimates 

Acquisition of detailed cost data for the materials to be used in the growth of 
InP films by the MO-CVD method began during the f i rs t  quarter. However, no signi- 
ficant results have yet emerged from this effort; pertinent details will be discussed 
a s  appropriate, in subsequent reports. 

Details of a preliminary conceptual design for a CdS/InP thin-film heterojunction 
photovoltaic cell will  be developed early in the second quarter in discussions with 
Stanford personnel. This design will be the basis for  the initial detailed cost analysis. 
Results of these considerations will be given in later  reports. 



2.7 TASK G. PREPARATION AND DELIVERY OF FILM SAMPLES 

The contract Statement of Work describes the requirements of this ta.sk a.s 
follows: 

Within three (3) months from the inception of contract, begin producing 
films and supply a minimum of 4 cm2 of current production each month 
thereafter to  ERDA, the number and shape of the samples to.be represen- 
tative of that month's output. 

AS indica.ted ea.rlier in this report (Task A discussion), the new CVD reactor 
system wa.s completed in December, and the first InP films were grown by the 
MO-CVD process in this reactor late in the first  quarter. 

Selected samples froin among the films prepared in those experiments have 
been identified for shipment to the ERDA Technical Project Officer. These 
samples meet the requirements specified above. 



3. CONCLUSIONS AND RECOMMENDATIONS 

The results  obtained in the f i r s t  quarter a r e  very encouraging. With relatively 
few deposition experiments in the new reactor system i t  has been shown that epitaxial 
growth of InP films can be achieved by the MO-CVD process on a t  least two different 
crystallographic orientations of GaAs a t  temperatures a s  low a s  -52S°C, and perhaps 
even lower. Fi lms not intentionally doped a r e  n, type, with measured c a r r i e r  concen- 
trations in the 1016 cm-3 range and electron mobilities a s  high a s  -2000 cm2/v-sec. 

Substrates of single-crystal GaAs a r e  very useful for  the initial investigations 
under this contract, since the material is readily available and inexpensive compared 
with single-crystal InP ( less  costly by a factor of about 20). Thus, with single-crystal 
GaAs substrates considerable knowledge of the InP CVD growth process under a variety 
of deposition conditions ban b e  obta.ined a.nd l a t e r  be tra.nsferred to  gi-owth on InP and/or 
other single-crystal rnateria .1~ with a minimum of further investigafion, when those 
materials  become a.va.ilable. 

The work to date has also shown that the relatively wide range of deposition 
conditions that appear sufficient for single-crystal film growth on GaAs is not equally 
satisfactory for growth on (000 1) -oriented sapphire, substrates of which have been 
used along with the GaAs in most of the experiments to date. Sapphire used in this 
way, a s  a comparison substrate for  GaAs, serves  a s  a good indicator of how the growth 
process is proceeding, for the particular deposition conditions being used. Films on 
single-crystal sapphire substrates will also be a "reference standard" for evaluation 
of f i lms grown on polycrystalline alumina later  in the program. It will be necessary 
to establish a range of acceptable deposition parameters  for InP films grown on 
sapphire substrates a t  some time in the future, for  use  in selecting initial parameters  
for  the experiments with the polycrystalline a.lumina. substrates a.nd in evalua.ting the 
properties of the  films grown on those ma.teria.1~. 

The preliminary studies of the white solid produced in the reactor by mixing pH3 
and TEI a t  room temperature led to the conclusion that the growth rate of InP can be 
control.led hy ma.nip111ating gas flow rake  and by maximizing the introduction of the 
solid into the main gas stream. There also a r e  indications that InP can be produced 
a t  temperatures below 46S0c, thus admitting for consideration a s  possible substrates 
many glasses with low strain points but reasonable thermal cxpansion properties. 

Encouraging results  have also been achieved in the subcontract work a t  Stanford 
(Task E) ,  in which ohmic contacts of A U / Z ~ / A U  have been produced on bulk single- 

- crystal p-type InP by two different depnsition methods. Contact resistances a s  low a s  
-0.1 ohm-cm2 (after annealing in H2 a t  475'~)  have been obtained by vacuum deposition 
methrjds a.nd -1 nhm-cm2 (after annealing in Hr) ,a a t  350'~) by an  electrodeposition 
process. 

It is recommended that the CVD experiments during the next quarter  be directed 
toward optimization of the reactor  chamber design for  the growth of InP films by the 
metalorganic-hydride method, and toward determining the effects of changes in growth 
parameters  on the properties of films deposited f i r s t  on single-crystal substrates and 
then on selected polycrystalline and amorphous substrates. 



Studies of the formation of intentionally-doped p-type films will also be initiated 
and a satisfactory doping procedure will be adopted, so that appropriately doped films 
can be submitted to Stanford for formation of heterojunction structures. The f i rs t  
such composites will be formed by deposition of CdS on the InP layers supplied by 
Rockwell. It is anticipated that most of the InP films prepared for this purpose in the 
coming quarter will be epitaxial layers grown on single-crystal substrates. However, 
some polycrystalline InP films may be supplied late in the quarter. 



4. PLANS FOR NEXT QUARTER . 
. . 

The contract work in the coming quarter will consist of (but not be limited to) 
the. followil?.g principal activities, arranged by task: , . 

Task A , 

1. Determine a preferred reactor chamber design for growth of InP films by 
the metalo rganic-hydride process 

2. Continue to explore the effects of various deposition pa.rameters on the 
properties of InP films grown on single-crystal substrates, to  identify 
preferred para.meter ranges. 

Task B 

1. Polish and otherwise prepare surfaces of available candidate low-cost 
substrate materials, for evaluation 'in InP deposition experiments 

2. Continue to work with various substrate material manufacturers, and 
encourage them to supply candidate materials for use in this program. 

Task C 

1. Begin comparative study of growth of InP films on single-crystal and 
selected low-cost polycrystalline and/or amorphous substrates. 

Task D 

1. ' Continue to characterize structural and electrical properties of InP deposits 
being prepared in MO-CVD reactor system,using routine SEM, x-ray, 
RED, and classical metallography methods, as well as  resistivity and Hall- 
effect measurements 

2. Prepare standard polycrystalline (powder) InP sample, to provide reference 
x-ray diffraction line intensities and widths for preferred orientation and 
grain size determinations 

3. Utilize and evaluate ohmic contact methods developed at Stanford (Task E) 
as applied tc CVD InP films for purposes of evaluation of electrical properties. 

4. Evaluate EBIC mode of SEM for delineating grain boundaries in polycrystalline 
films of InP. 

5. Evaluate spreading resistance measurements as  a method for characterizing 
the electrical (and structural) properties in the interior of polycrys talline 
InP films 

6. Examine possibility of using semitransparent Au Schottky barriers on InP 
for matcrial evaluation and solar-cell fabrica.tion purposes. 



Ta.sk E (Stanford subcontract\ 

1. Complete study of properties of Au/z~/A.u conta.cts on p-type InP a.s function 
of InP surface prepa.ra.tion, .contact deposition method, and post-deposition 
processing, 

2. Evaluate properties a.nd temperature dependence of conta.ct resistance for 
contacts on bulk polycrysta.lline InP sa.mples 

3. Conduct preliminary investigation of temperature dependence of properties 
of initial undoped epitaxial InP films prepa.red in Rockwell CVD reactor 
system 

. . - .  , . 
4. Prepa.re c ~ S / I ~ P  colnposite structures on undoped epitaxia.1 InP films 

p~wpa.l;ed ill Ruckwell CVD rea.olgs sysle~n,  slrrsl evg.lualt: slruckura.1 
properties of these composites 

5. Deposit n-type CdS films on p-type bulk crystals of InP, and characterize 
photovo1ta.i~ properties of the heterojunctions 

6. Prepare composite CdS/~np structures on doped p-type epitaxiai InP films 
a.nd/or polycrysta.lline InP films prepared on low-cost substrates a t  
Rockwell, and begin structura.1 characterization of these composites. 

Task F 

1. Continue accumula.tion of cost dafa. for materials and processes used in 
growth of InP films by MO-CVD method 

2. Develop preliminary sonceptua.1 design for C ~ S / I ~ P  thin-film heterojunotion 
photovo1ta.i~ device, for use in preliminary cost analyses 

3. Prepare initial projections of possible future costs for large-scale production 
of CdS/~np thin-film heterojunction photovoltaic solar cells. 

1. Prepa.re a.nd deliver representative sa.mples t o  ERDA ea.ch month, a s  
required under the contra.ct. 
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