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ABSTRACT 

The work of the third quarter of the 12-month contra.ct pr0gra.m i s  described. 
The program is intended to develop the metalorganic chemica.1 va.por deposition 
(MO-CVD) process for growth of InP films using triethylindium (TEI) and phosphine 
(PH3) reactants in a. H2 car r ie r  gas, and then to prepa.re such films on inexpensive 
substrate materials for subsequent fabrication of heterojunction polycrystalline solar 
cells by deposition of CdS (or  other semiconductor) on th.e InP. The C ~ S / I ~ P  hetero- 
junction device fabrication and.evaluation is  done on subcontra.ct at  Stanford University. 

Minor changes in reactor design have permitted achievement of InP film growth 
rates up to four times larger than those previously obtained. Deposition conditions 
have been established for obtaining good-quality undoped n-type epitaxial InP films on 
single-crystal (111A) and (111B) InP substrates, and p-type Zn-doped epitaxial InP 
films have been produced on both GaAs and InP single-crystal mlhstrafe~, with doping 
concentrations in the 101~-10~8  cm-3 range. Experiments have continued on the growth 
of polyc~ystalline InP films on various low-cost substrates, including several gl asses, 
~ne ta l s  and metal alloys, and intermediate layers of metals and semiconductors previously 
deposited on glass substrates; a wide range of InP film properties has been obtained in 
these studies, results of which a re  summarized. 

Eqerimental  Schottky-ba.rrier device structures, employing thin Au barr ier  
layers, have been fabricated on p-type InP films prepared in va.rious single- and 

. multiple-layer configurations. Short-circuit current densities (under simulated AM0 
illumination) of up to 12.5 r n ~ / c m 2  were achieved in structures on GaAs substrates, 
but contact problems have limited the results obtained in various configurations on InP 
substrates. Some preliminary p-n junction structures have also been fabricated, but 
excess leakage, currents have been found in the devices examined to date. 

Detailed characterization of the transport properties in both undoped n-type 
epitaxial InP films on GaAs:Cr and 1nP:Fe semi-insulating s u h a t r a t ~ . ~  and Zn-doped 
p-type epitaxial films on GaAs:Cr substraten han indicated thnt the heteroepitaxid 
films exhibit mobility behavior for ca r r ie r  concentrations below -1016 cm-3 consistent 
with the presence of structure-related potential barriers of heights up t o  -0.05 eV, 
while homoepitaxial films with car r ie r  concentrations.above - 1016 cm-3 a re  almost 
identical to good single crystals of InP in their mobility behavior. Mobilities a s  high 
a s  16,500 cm2/~ - sec  at 77OK in films on 1nP:Fe substrake have been meamrod. 

The first heterojunction photovoItaic solar cell employing a vacuum-deposited 
n-type CdS film and an epitaxial p-type InP film grown by MO-CVD has been fabricated 
and characterized. A good short-circuit current density of -14 rml/omR was obtained 
in natural sunlight of 90 mw/cm2 intensity, but the open-circuit phntnvoltage was 
-0.3 v because oL a large reverae saturation current in the heterojunction. The power 

conversion efficiency was only 2. 3 percent, but this f irst  result, obtained with non- 
optimized material parameters and device geometry,is considered to be a succeesful 
demonstration of the applicability of the MO-CVD process for growing InP f i l m  for 
solar cell applications. 

planned work for the fourth quarter is  outlined. 
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1. INTRODUCTION 

The long-range objective of the National Photovoltaic Conversion Program i s  to 
develop low-cost reliable photovoltaic systems and to stimulate the creation of a 
viable industrial and commerical capability to produce and distribute these systems 
for  u,idespread use in residential and commercial applications. 

Tw.0 of ERDA's specific technical objectives that relate dtrectly 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 tech- 
nology 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 ray  
production capacities of 500 peak Mw per  year  of solar  a r ray  modules at a market 
price of less  than $500 per  peak Kw by FY 1985, and 5 x l o 4  peak Mw per  year  of 
solar array modules a t  a market price of $100 to $300 per  peak Kw by F Y  2000.' 

It is a goal of the ERDA program that the low-cost photovoltaic cell configura- 
tion emerging fmm research and development programs exhibit solar  conversion 
efficiencies of a t  least 10 percent under air-mass-one (AM1) conditions within the 
next five years. This technical goal may may not be achieved during the performance 
period of this contract, but it will provide .a continuous guideline for conduct of the 
program. 

1.1 CONTRACT OBJECTIVES 

The overall objective of this contract i s  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  a s  follows: 

1. Development of the metalorganic-hydride chemical vapor deposition 
(MO-CVD) process for growth of good-quality single-crystal o r  poly- 
crystalline 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 photo- 
voltaic solar  cells made by the process. 

Thc following specific activities a r e  required by ERDA in pursuit of the above 
objectives: (1) deposition of films of InP on the selected substrate(s); (2) measure- 
--nent of the pertinent riiedianiaal, 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, &d 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 films on the few sub- 
s t ra tes  so selected, (c) determination of the film properties in t e r m s  of quantitative 
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 Mw per  year  by the year 2000 at a 
selling price of $100-300/peak Kw "without creating inordinate technical and economic 
problems;" (5) within three months from inception of the 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. 

To achieve the above objectives and comply with the above program directives 
a s  established by ERDA, the technical approach described in the following section i s  
being used in this contract. 



1.2 GENERAL TECHNICAL APPROACH 
\ 

The general technical approach of the program involves application of the 
metalorganic chemical vapor deposition (MO-CVD) technique, developed by Rockwell 
f o r  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. Cadmium sulfide (CdS) o r  other s imilar  semiconductor com- 
pound o r  alloy i s  deposited by appropriate methods on the InP films to form hetero- 
junction structures, and the photovoltaic properties of the resulting solar cell 
configurations a r e  evaluated. 

Early in the program, while the MO-CVD method has been further developed 
for the InP system--initially on suitable single-crystal substrates--attention has been 
given to the problem of identifying and evaluating potentially inexpensive substrate 
materials that a r e  (or can be) available in large a reas  and will tolerate the experi- 
mental environment of the MO-CVD process. These substrate materials a r e  used for  
growth of polycrystalline films of InP, which must be doped appropriately to achieve 
the desired electrical properties for heterojunction formation. 

The InP films prepared in the program have been characterized for various 
material properties both a t  Rockwell and a t  Stanford University, the latter work being 
done on a subcontract. Fi lms prepared throughout the program a r e  used a t  Stanford 
for  the formation of heterojunction structures by deposition of films of CdS (primarily), 
ZnCdS, and possibly ZnSe and ZnSSe, using vacuum deposition o r  chemical spraying 
techniques. The photovoltaic properties of the resulting heterojunctions a r e  evaluated 
a t  Stanford, using electrical contact methods developed early in the program both a t  
Stanford and at Rockwell. 

Finally, some attention i s  being given to cost  analyses of the cell structures 
being prepared in the contract program; projections of possible costs of large quanti- 
t ies  of the cells in future years  will be adjusted to allow for technical developments 
that may occur in the contract work. 

The CVD method may be potentially the best method of achieving large areas  of 
solar cells of reasonable efficiency a t  sufficiently low cost to meet both the production 
capacity goals and the cost-per-watt goals of the nation's photovoltaic conversion 
program. Some of the technical problems to be solved before those goals can be 
reached a r e  being 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 that will 
allow the required properties of the deposited films to be achieved and the efficiency ' 

goal of the photovoltaic device (10 percent AM1) to be realized, subject to the con- 
straints imposed by the properties of the selected substrate materials(s).  

The particular CVD method being used in this program - the MO-CVD process - 
involves the mixing of a metalorganic compound of a Group Ill 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 semi- 
conductor. Thus, triethylindium (TEI) and phosphine (PH3) a r e  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 simplificd reaction: 



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

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

The MO-CVD process has several important attributes for the application 
involved in this program: 

1. The process is completely f ree  of halides, thus eliminating competing 
etching reactions, reducing generation of unwanted impurities by reactions 
with low-cost substrate materials,  and minimizing complication of the 
heterogelieous film-growth process involved 

2. Only a single high-temperature zone i s  required, greatly simplifying the 
apparatus and the necessary control systems, and allowing the deposition 
chamber walls to remain relatively cool because only the pedestal and the 
sa,mples a r e  heaied 

3. The' reactants used a r e  either liquid o r  gaseous at room temperature, 
facilitating their handling and introduction into the ca r r i e r  gas upstream 
from the deposition chamber, and allowing control of composition of the 
deposited film by means of flowmeter adjustments 

4. Impurity 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 s tream, with doping concentrations 
controllable by means of flowmeter adjustments 

5. The growth process can be observed directly by the operator,  since the 
reactor  walls a r e  transparent and unobstructed, thus allowing changes in 
growth coilditions to be made during an experiment, if desired 

6. Large-area, uniform surface coverage can be achieved in a single growth 
sequence, using thc oamc typc of commcrcinlly .available apparatus that is 
used for  epitaxial growth of elemental semiconductors (e. g. ,  Si) 

7. The process requires neither single-crystal InP material nor semiconductor- 
grade (ultrahigh-purity) polycrystalline InP for i t s  application, since only 
compounds of In and of P a r e  used in the reaction, thus eliminating the 
expensive and energy-wasteful process of producing melt-grown InP source 
material,  a s  is required for  other crystal growth and/or film deposition 
techniques. 

The availability of high-purity reactants, a primary requisite for the ultimate success 
of the MO-CVD process in the application involved in this contract, is a matter that 
needs further attention. Cooperation of the small number of manufacturers now 
engaged in supplying the various compounds used in this work i s  essential to assure  
that materials  of increasing purity and improved control of quality will become avail- 
able a s  needed. 



The situation for InP film growth by the MO-CVD process i s  not yet a s  clear-cut 
a s  it i s  for  GaAs, f o r  example, with respect to achieving the desired process control 
and reproducibility of results. This i s  partly due to the fact that f a r  more develop- 
ment of CVD processes has occurred for  GaAs film growth than for InP film growth. 
There a r e  also various technical factors that a r e  not yet fully understood for the case 
of InP formation by the MO-CVD technique; these factors a r e  receiving special 
attention in this program. 

The principal technical problems to be solved a r e  (1) establishing preferred 
CVD process parameters  (temp'erature, reactant concentrations, ca r r i e r  gas compo- 
sition, doping impurities, growth rate) for  acceptable properties for the films grown 
on various substrate materials; (2) identifying suitable substrate materials that will 
survive the environment of the MO-CVD process and be potentially inexpensive and 
available in large areas,  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. 

To achieve the contract objectives and progress toward the long-range goals o f .  
ERDA's National Photovoltaic Conversion Program, and to find solutions to these 
major problems, the contract work i s  organized into six main technical tasks, plus 
preparation of required samples for delivery to ERDA and preparation and delivery 
of required data, reports,  and review and presentation information. The contract 
tasks a r e  a s  follows: (A) Development of MO-CVD Process  for InP Film Growth; 
(B) Identification, Evaluation, and Development of Inexpensive Substrate Materials; 
(C) Growth of InP Films by MO-CVD on ~ n e x ~ e n s i v e  Substrate Materials; (D) Evalua- 
tion of InP Film Properties; (E) Formation and Evaluation of Heterojunction Photo- , 

voltaic Device Structures on InP Films (Stanford subcontract); (F) Analysis and 
Projection of Cell Performance and Costs; and (G) Preparation and Delivery.of Film 
Samples. 

This i s  the third Quarterly Report for this contract and covers the period 
3 April through 2 July 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 third quarter 
of the contract; the discussion i s  arranged by task. 

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, i s  a s  follows: 

The MO-CVD process employing triethylindium (TEI) and phosphine (PH3) will 
be used to grow films of InP f i rs t  on suitable bulk single-crystal substrates -- 
such a s  InP, GaAs, and sapphire -- o r  single-crystal films, to identify problem 
a reas  and limitations and establish baseline reference data' for subsequent 
experiments with less  favorable 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 
o r  chamber design because of unique characteristics of the TEI-PH3 reaction. 
Experiments with formation of the TEI-PHs addition compound outside the 
reactor  will be carried out to determine if improved InP film nucleation o r  
layer growth rates can be obtained through i ts  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 a s  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. 

A new reactor  system for growing thin films of InP by the MO-CVD process was 
completed in the f irs t  quarter. Experiments using triethylindium (TEI) and phosphine 
(PH3) reactants in a H2 c a r r i e r  gas showed that InP films could be successfully grown 
over a range of deposition temperatures. Epitaxial gl'owth of single-crystal films was 
obtained on two different crystallographic orientations of single-crystal GaAs a t  
temperatures a s  low a s  -5250C. Films not intentionally doped were n type, with 
-measured c a r r i e r  concentrations in the 1016 cm-3 range and electron mobilities up 
to -2000 c m 2 / ~ - s e c  (room temperature). 

The  work in the first quarter showed that the relatively wide range of deposition 
conditions that appeared sufficient for single-crystal film growth on GaAs is not 
equally satisfactory for growth on (0001)-oriented sapphire, substrates of which were 
used along with the GaAs in most of the experiments. Sapphire used in this way, a s  a 
comparison substrate for GaAs, serves a s  a good indicator of how the growth prncess 
i s  proceeding, for  thc particular deposition conditions being used. 

Also in the f i r s t  quarter, 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 ra te  of InP can be controlled by manipulating gas flow rates and by optimizing 



the introduction of the solid into the main gas stream. There were also indications 
that InP can be produced at temperatures below 46S°C, thus admitting for considera- 
tion a s  possible substrates many glasses with low strain points but reasonable thermal 
expansion properties. 

The Task A acitvities in the second quarter were concentrated in four major 
areas:  (1) reactor chamber design evaluation; (2) InP growth on single-crystal GaAs 
substrates; (3) InP growth on single-crystal InP substrates; and (4) InP growth on 
various other single-crystal substrates. Heteroepitaxial films of undoped InP were 
grown on single-crystal GaAs substrates over the temperature range from below 
575OC to -7000C, with growth rates essentially independent of deposition temperature. 
Electron mobilities a s  high a s  10,500 cm2/v-sec at 77OK were measured in undoped 
n-type films l e s s  than 3pm thick on (100)GaAs substrates, It was also s h ~ w n  that 
p-type 1nY tilms can be grown on GaAs substrates by doping the film during rlepnsit.inn 
with Zn from diethylzinc (DEZ) added to the reactant- gas stream. The p-type doping 
concentrations obtained in the second quarter were in the range above 1018 ~ m - ~ .  

Experiments with single-crystal InP substrates in the second quarter also led to 
a set of experimental conditions, involving the presence of PH3, that help to preserve 
the stoichiometry of the substrates before film growth and of the films after growth. 
Other deposition studies were carr ied out with single-crystal substrates of sapphire, 
Ge, and InAs, with oriented InP growth obtained in all  three cases. 

Development of a low-resistance ohmic contact technology continued at Stanford 
for  p-type InP in the doping range 1015 - 1018 cm-3, using both vacuum deposition and 
electrodeposition of the contacts followed (in both cases) by post-deposition heat 
t reatment in Hz. Investigation of transport properties of undoped n-type films indi- 
cated that lattice scattering dominates the low-temperature behavior of these films, 
with appreciably higher electron mobilities being found in f i lms  grown on (100)GaAs 
than on (111A)GaAs surfaces. Photoconductivity measurements were also carr ied out 
on these films. 

The contract work in the third quarter has emphasized (1) the determination of 
conditions for producing good quality p-type InP films f irs t  on GaAs and then on InP 
single-crystal substrates, and (2) the modification of reactor chamber and reactor 
system design for  the purpose of improving film growth ra tes  and film thickness 
(1. e . ,  growth rate)  uniformity on the sample pedestal. 

2.1.1 Reactor Modifications and Other Apparatus Considerations 

During the third quarter two reactor chamber designs - Reactor No. 2. as 
described in wax-terly Report No. 2 (Ref I), and Reactor No. 7 - were used. 
Reactor No. 2 has  a tee just above the chamber neck but does not have a center tube. 
Reactor No. 7 incorporates a small vertical tube extending about 1/2 in. into the upper 
end of the main p a r t  of the reactor  chamber, just below the tee where the reactants a r e  
mixed. 

In addition, the sample pedestal support used in both chambers was modified to 
help in centering the pedestal in the reactor. This  modification consisted of three 
quartz rod-like spokes, spaced 120 deg apart  and projecting from the pedestal support, 
and bent slightly upward to form a cup-like structure for the pedestal yet not extend 
above the tope surface of the pedestal. 



The reactor gas-handling system was also modified. A second triethylindium 
(TEI) bubbler was installed in parallel with the TEI bubbler normally used for film 
growth, thus providing means for  at least doubling TEI mass  flow rates a t  room 
temperature without major system changes o r  resor t  to special teclmiques fo1- 
increasing the vapor pressure of the TEI. The total gas flow rates employed using 
the two bubblers a r e  the same a s  those employed with one bubbler. 

As prdviously shown in Quarterly Report No. 2, Figures 2-1 and 2-2 (Ref I), 
total ca r r i e r  gas flow ra te  affects the growth-rate profile across the sample pedestal. 
Profiles for  lpP growth in Reactor No. 7 for  flow ra tes  of 5, 6.5, and 8 tpm were 
determined using single-crystal GaAs substrates rather  than sapphire substrates, 
since the visuhl quality of the epitaxy (in t e rms  of obvious defect s tructure and reflec- 
tivity) on GaAs ,would provide some additional information a s  to growth uniformity 
across  the pedestal. Appropriate masking and removal of part  of the InP film with 
HCt (down to the GaAs substrate) provided the step necessary for measuring film 
thickness. 

The results shown in Figure 2-1 a r e  profilometer measurements taken along 
such an etched step at 2mm intervals. (The GaAs substrates a r e  available for reusd 
after the InP film is totally removed by HCI, which does not attack GaAs.) Better  
thickness uniformity along with greater  film reflectivity was obtained for a flow ra te  
of 6.5 Ppm. The use of Reactor Design No. 7 resulted in an improved growth rate, 
usually better than a two-fold increase, over the highest rates  realized with Reactor 
No. 2. The increased ra tes  reduced the growth time sufficiently to permit completion 
of several additional experiments each week, on the average. Thus, the combined 
use of two bubblers and Reactor No. 7 has permitted a t  least a four-fold growth ra te  
increase over the ra tes  obtained with Reactor No. 2. 

'4 1 CARRIER GAS f l D W  RATES 1 

POSlTlON ALONG PEDESTAL DIAMETER (in mm, relative to arbitrary location) 

Figure '2-1. PnP Growth Rate Profile Measured on (100)GaAs:Cr Substrate for  
~ h r e e  Different Carrier Gas Flow Rates 



Some slight changes were also made during the quarter in the flow ra tes  used 
in the deposition studies. When the deposition system was originally assembled (at 
the s t a r t  of the program), some of the las t  components to be received were the glass 
rotameters.  However, the gas flow-rate charts for H2 and ~ e ' t h a t  wefe requested 
from the manufacturers a t  the time of the original purchase were not supplied with the 
rotameters. As a temporary expedient, flow-rate charts for  other rotameters  cover- 
ing the same total flow-rate range as  the purchased models were used in developing 
the InP growth process. These approximate flow ra tes  used in the early experiments 
were recorded for la ter  correction to more  accurate values when the appropriate 
"calibration" charts were received. It  should also be noted that it was expedient to 
use rotameter readings corresponding to the pure c a r r i e r  gases rather  than to  the 
correct  gas mixtures when flow ra tes  for  pH3-in-He and PH3-in-Hz were  being 
determined. The proper charts  were finally received for  H2 during this reporting 
period, but not t o r  He. 

To  reduce the uncertainties associated with the gas flow ra tes  being used it was 
decided to undertake a direct calibration of the rotameters then in use. A volumeter 
(manufactured by George K. Por ter ,  Hatfield, PA) was used for  calibration of the 
appropriate three different flowmeter ranges incorporated in the system for Hz, He, 
and PH3-in-HZ. The calibrated flow ra tes  for  H2 were found to be in relatively good 
agreement with the charts supplied by Applied Materials, Inc. (Santa Clara, CA). All 
experiments performed ili Reactor No. 7 in the third quarter employed the calibrated 
flow-rate values. 

Because of concern for the purity of the reactants, i t  was decided to purchase 
two empty stainless-steel bubblers from one vendor, with instructions that they be 
supplied in the condition they would be  in just before being filled with a metalorganic 
compound. Une of these bubblers was disassembled and examined. The valves were 
found to be lubricated with a black substance. 'I'he valve design i s  such that the vapors 
of any material stored in the bubbler would be in contact with the lubricant, clearly a 
Iikely contaminant. During shipping any liquid material in the container could easily 
contact this lubricant, 

One of these bubblers was subsequently thoroughly cleaned and shipped to 
Orgrnet (E. Ham.pstead, NH) for filling with TEI. This material has  now been 
received and i s  available for  growth studies, when needed. 

2.1.2 InP Growth on Single-crystal GaAs Substrates 

GaAs substrates - because of their availability, lower cost, and potential reuse - 
have continued to play an important role in experiments directed a t  determining the 
effect of various growth parameters  on film properties during the early part  of this 
quarter. They were used in obtaining the Reactor No. 7 growth profile (as  mentioned 
earl ier) ,  for  testing old and new sources of TEI, and for  further Zn doping studies, 
which a r e  described in the next section. 

At the s tar t  of the program two 25 g quantities of TEI were ordered from two 
different sources - Orgmet and Texas Alkyls (Deer Park, TX). TEI that was available 
from previous studies in o u r  laboratory was used for  film growth experiments while 
these o rde r s  were being filled. When the TEI from Texas Alkyls was received and 
tested, a leak was detected in the exit valve on the bubbler. Sealing it' was evidently 
not sufficient, since most of the films grown using this bubbler had poor electrical 



properties. The bubbler and the TEI were recently replaced by Texas Alkyls, but the 
material has not yet been evaluated. 

The other 25 g quantity of TEI (from Orgrnet) produced films with properties 
s imilar  to those of the films grown with the old supply of TEI used early in the 
program. As this supply began to  deplete, a s  evidenced by a decreased film growth 
rate, the old TEI was rcinstalled in the system and reevaluated by growth of InP on 
a (100)-oriented Cr-doped GaAs single-crystal substrate. The properties of the 
resulting undoped film (el'ectron concentration 6 .5~1015 cm-3 and room temperature 
mobility -1400 cm2/v-sec) indicated this TEI source is still acceptable for use. 

Earl ier  investigation (Ref 1) of Zn doping of InP films formed by the MO-CVD 
method, in which the diethylzinc (DEZ) was maintained a t  OOC and at -23O~,  led to 
f i lms with hole concentrations of 1018-1019 cm-3. Therefore, the DEZ bath tempera- 
ture was lowered still further, to -360C and -45OC, and films were grown on (100)- 
and (111A)-oriented high-resistivity GaAs single-crystal substrates. 

As shown in Table 2-1, with the DEZ a t  -360C films with hole concentrations of 
-1016 cm-3 o r  greater  can be prepared, the level of doping concentration appearing to 
be growth-temperature dependent; e. g., the films grown a t  -690°C were more p-type 
than those grown a t  -6500C, at the lower DEZ flow rates. 

With the DEZ a t  -45% it appears that p-type InP films with perhaps even lower 
doping concentrations can be grown on GaAs substrates. Thus, with the feasibility 
of producing InP p-type layers with doping levels in the 1 0 ~ ~ - 1 0 1 ~  cm-3 range on GaAs 
substrates demonstrated, studies of the growth of p-type layers on single-crystal InP 
substrates were subsequently pursued. 

2.1.3 InP Growth on Single-crystal InP Substrates 

It  was reported ear l ie r  (Ref 1) that pH3 is introduced into the reactor at about 
5 0 0 ~ ~  to help stabilize the surface of the InP substrates a s  the deposition temperature 
is reached, and that PH3 flow i s  also maintained after film growth i s  complete and 
until the substrate has cooled to about 500°C. A PH3-in-H2 flow of 500 ccpm was 
arbitrarily used initially in the ser ies  of experiments described below. 

However, during the studies of InP growth on InP a problem in determining the 
film growth temperature was encountered. Optical thermometer readings of the 
temperature of the surface of the pedestal slowly decreased with time before the s tar t  
of deposition, suggesting the walls of the reactor were becoming l e s s  transparent - 
probably due mainly to a fine film of phosphorus produced by the decomposition of the 
PH3 and perhaps partially to evaporation of InP and/or In from the substrates onto the 
reactor wall. After exposure of the InP substrates to PH3 for 1 hour at 575OC, 
thermal etching was in evidence even though a high PH3 flow ra te  was being used. 
These results indicate the necessity for achieving the desired film growth temperature 
in a minimum of time. The pH3-in-HZ flow ra te  was lowered to 50 ccpm in later  
experiments withnut an obvioue cffect oil t l ~ e  stability of the InP surfaces. 

The instability of the  s ~ h s t r a t e s  (as evidenced by prolonged thermal etching) may 
be the prime cause fo r  the increased n-type doping a s  the growth temperature is 
increased from 575 to 675OC, suggested by electrical measurements on InP films 
grown on (100)-oriented Fe-doped InP substrates (Table 2-4, Ref 1). The doping 
mechanism, however, is not clear. 
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Table 2-1. Effect of DEZ Bath Temperature and Fi lm Growth Temperature on Propert ies  
of Dcped* InP F-lms Grownon GaAs Substrates by MO-CVD Method 

All f h s  p type except as noted 

t 0bsmed temperatu;e, measured by sighting optical tharnometer on vertical surface of susceptor 
tt N.type lnP film 
" 'DEZ line,open to permit normal vaporiiatiun mf DEZ, but no carrier gas flowing through DEZ tank 

Resistivity 
(ohm-ern) 

1.1 

1 .8 
1.1 

6.6 
26.2 

0.12 
0.03 

3.9 
0.09 

0.13 
0.04 

App-ox 
Film 

Thichess 

bn) 

1.9 

2.3 
2.1 

1.1 
1.3 

1.9 
1.9 

1.1 
1 ~ 0  

1.7 
1.9 

Growth 
i e m p t  

PC) 

648 . 

622 

648 

692 

656 

688 

Carrier 
Cone 
( c m 9  

1.7x101 

8.2x1t6 
l x 1 0 l 7  

2.5~1 0 j 6  
7 . 2 ~ 1 0 ~  

1x1018 
4.5~1 018 

8.2~10' 
2 . 8 ~ 1 0 ' ~  

9.2x101 
3 . 4 ~ 1 0 ' ~  

Experiment 
Sequence 

No. 

90 . 

87 

89 

125 

Mobility 
k m 2 / ~ - r e c )  

34gtt 

43 
60 

38 
3.3 

51 
47 

4.1 
24 

52 ' 

48 

8.5x101 
33x1 0'' 

1 .ox1 0' 
9 . 3 ~ 1 0 ' ~  

2 x 1 0 ' ~  
- 

Substrate 
Orientation 

(111A) 

(1 00) 
(111A) 

(100) 
(1 l IA )  

(100) 

27 
33 

1480tt 
1770tt 

- 27 
- 

647 

640 

6 53 

H2 
Flow Rate 
over DEZ 

(ccpm) 

** 

10 

10 

10 

30 

30 

TEIlPH3 
Flow Rate; 

(ccpm) 

1500150Q 

15001500 

1500/500 

25001508 

1500/500 

25001500 

1 .O 
-!.I 

DEZ 
Temp 
(OC) 

-36 

-36 

-36 

-36 . 

-36 

-36 

101 

92 

91 

(1 11.A) 

2.0 

(1 00) 
( 1 l l A )  

I (100) 
(111A) 

I (1 00) 
(111A) 

! 

102 

124 

0.04 

50 

,* 

10 

1 5 0 0 1 5 ~  

150015CO I 

(1 00) 
(111A) 

(100) ' 

(1 11A) 

-36 

. -45 
I 

15001510 4 5  

2.3 
I 

1.4 
1.2 

0.38 

11.3 - 
17.8 



During this report period high-resistivity (lll)-oriented Fe-doped InP wafers 
were received from Imanco (Cambridge Instrument Co., Inc). Both (111A)- and 
(111B) -oriented surfaces were then polished at  Rockwell and subsequently used for 
film growth studies along with the (100)InP substrates previously prepared. The 
(111A)InP substrates were polished first, and early experiments using (111A)InP were 
limited to obtaining comparative data for films grown simultaneously on (100)InP. 

When the polished (111B)InP substrates became available the film growth studies 
utilized both the (11lA) and (11lB) faces, since i t  i s  not known which orientation will 
be preferred for subsequent growth of n-type CdS and fabrication of solar cell struc- 
tures. Recent works described in the literature report both the A and B faces useful 
for cell fabrication. The eventual choice may, however, be determined by the CdS 
growth process used in this work. 

2.1.3.1 Undoped N-type Films 

As indicated above, the availability of polished high-resistivity (11lB)-oriented 
Fe-doped InP wafers permitted a study to compare the properties of films grown 
simultaneously on the (111A) and (111B) faces. For these epxeriments the pH3-in-HZ 
flow rate was kept at  50 ccpm from the time the measured temperature reached 5000C 
until the desired growth temperature was reached and found to be stable. The flow 
rate was thenichanged to 500 ccpm o r  the value desired during deposition, and film 
growth commenced with addition of the TEI. 

At -650°C, more reflective InP films were achieved on (111A)InP; at -710°C and 
-73PC both orientations provided reflective films. The surface quality of the films 
grown a t  different temperatures is shown in Figures 2-2 and 2-3. 

The electrical properties of films grown in the temperature range 618-737% 
are  recorded in Table 2-2. The films deposited at 713OC and 737% agree quite we11 
in electrical properties, so an intermediate temperature of -7250C was selected for 
the next investigation - that of the effect of PH3 flow rate,, for a constant concentra- 
tion of TEI, on the properties of the films. For these experiments PHs (10 percent 
in Hz) flow rates from 15 to 1000 ccpm were used. At 15  ccpm the substrates were 
found to be unstable; at 31 ccpm, the next low flow rate examined, the surface 
remained reflective during the film growlh process. 

As shown in Table 2-3, reasonably high mobilities were found in all the films 
but one, grown w e r  a large span of PH3 flow rates. No obvious correlation between 
PH3 flow rate and measured carrier concentration in the film was in evidence. At the 
higher pH3 flow rates (2500 ccpm) the mobilities of (111A) and (11lB) films were 
quite similar; a t  lower PH3 flow rates ( ~ 2 5 0  ccpm) the (111B)InP films appeared 
electrically superior to the (111A) films. 

(100)InP:Fe substrates were also included in the last two experiments, in which 
high flow rates of PH3 were used. The electrical properties of the films grown on 
these substrates a re  quite surprising, in light of the results reported in Quarterly 
Report No. 2 (Ref I), Table 2-4, for films grown at lower temperatures. That is, 
higher n-type doping levels and/or lower mobilities were expected in the films grown 
on (100)InP at -725OC. The results may be related to the higher PHQ flow rates and/or 
to the use of Reactor No. 7, which increased film g'rowth rates over those obtained in 
Reactor No. 2 (without a center tube), as  noted earlier in this report. 



I 
(c) 

Figure 2-2. SEM Photographs of InP Growth on (111A) InP :Fe A s  Function of 
Growth Temperature. a) 6520C, 3.2 pm Thick; b) 713O~, 3.2 pm Thick; 

C) 737Oc, 2.5 em Thick. (Viewed at 60 deg angle with surface.) 
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Figure 2-3. SEM Photographs of InP Growth on (111B)InP:Fe As  Function of firowth Temperature. 
a) 618O~, 3.2 pm Thick; b) 652'~, 2.5 pm Thick;. c) 713Oc, 3.2 pm Thick; 

- d) 737Oc, 3.0 pm Thick. (Viewed at 60 deg angle with surface.) 

C 



Table 2-2. Effect of Growth Temperature on Properties of Undoped InP 
Films Grown on InPtFe substrates* 

Expt. 
Sequena 

No. 

134 

135 

140 

141 

136 

137 

Substrate 
Orientation 

Growth 
Temp. 
(OE) 

Approximate 
Film Thieknass 

bm)  
Resistivity 
(ohmcm) 

Carrier 
Cone. 

(em'3) 
Mobility 

(cm2N-see) 

*TEl flow nta 2500 ccpm; pH3 flow rate 500 wpm 

2. I. 3.2 P-type Zn-doped Films 

Using growth conditions and parameters found suitable for producing p-type 
Zn-doped InP films on GaAs substrates, experiments in producing epdtaxial p-type 
films on InP were next pursued. Initially with the DEZ stored at -36 C, the H2 
flow over the DEZ was varieg from only a few ccpm to as  much as  60 ccpm. A 
temperature span of 685-759 C was used to determine the effent of temperahro on 
duping ucmcefittl'iition, with most of the films being grown a t  - 7 2 . 9  

A s  indicated in Table 2-4, p-type films wereproduced in most cases on 
(111A)InP:Fe substrates, hut only n-type films were obtained on (111B)InP:Ee sub- 
strates. The DEZ bath temperature was thcn raised to -23%, and it because possible 
to produce p-type films on (11lB)InP:Fe substrates, with hole concentrations in the 
range considered useful for solar cell fabrication. 



Table 2-3. Effect of PH3 Flow Rate on Properties of ~ n d o p e b  InP Films Grown 
on 1nP:Fe Substrates* 

'TEI flow rate 2500 ccpm 

Expt. 
Sequence 

No. 

145 

1 44 

143 

142 

136 

137 

160 
-- 

161 

Substrate 
Orientation 

(111A) 
(1118) 

( l i l ~ )  
(1118) 

( I l l A )  
(11 18) 

(111A) 
(1118) 

(111A) 
( l i r e )  

. (111A) 
(1118) 

(100) 
( 1 l l A )  
(1116) 

(1 00) 
(111A) 
(1118) 

PH3 Flow 
Rate 

(ccpm) 

3 1 

62 

125 

250 

500 

500 

750 

1000 

Growth 
Temp. 
(OC) 

720 

726 

721 

728 

71 3 

737 

721 

724 

Mobility 
(cm2/v-sec) 

1140 
21 60 

, 1580 
2090 

91 5 
2060 

1850 
2240 

1820 
2970 

1930 
21 60 

21 60 
2650 
2220 

2080 
2470 
2320 

Approximate 
Film Thickness 

(pm) 

2.3 
2.1 

1.6 
1.7 

1.3 
1.4 

1.8 
1.6 

3.2 
3.2 

2.5 
3.2 

2 
2 
2 

2 
2 

2 

Resistivity 
(ohmcm) 

0.27 
0.09 

0.09 
0.13 

0.14 
0.05 

0.05 
0.05 

0.06 
0.09 . 

0.04 
0.1 3 

0.07 
0.07 
0.05 

0.05 
0.1 3 
0.09 

Carrier 
Conc. 

2 . 0 ~ 1 0 ~ ~  
3.2x1016 

4 . 5 ~ 1 0 ' ~  
2.2x1016 

4 . 8 ~ 1 0 ~  
65x1  0' 

6 . 4 ~ 1 0 ~ ~  
6 . 1 ~ 1 0 ~ ~  

58x1 0' 
2 . 4 ~ 1 0 ~ ~  

8 . 4 ~ 1  016 
2 . 2 ~ 1 0 ~ ~  

4.2x1016 
4 .2~1  016 
5 . 2 ~ 1 0 ' ~  

5 . 5 ~ 1 0 ~ ~  
2 . 0 ~ 1 0 ~ ~  
3 . 0 ~ 1 0 ~ ~  



Table 2-4. Electrical Properties of InP Films Grown on InP.Fe Substrates 
with DEZ Bath a t  TNO Different Temperat-ires, 

F 
OD 

t Observed tempmawre, measured by righting optical tbermometeran vertical surface of susceptor 
tt N-type InP film; al: others arep-typ? 

Expt. 
SIquenw 

NO. 

168 

152 

155 

147 

154 

151 

146 

148 

165 

169 

166 

179 

170 

171 

TEI flow 

Substrate 
Orientation 

DEZ 
Source 
Temp. 

, :OC) 

H2  
Flcw qate 
over DEZ 

(ccpn) 

0 

7 

7 

7 

7 

7 

I 

7 

30 

30 

60 

7 

30 

30 

500 ccpm 

Approx. 
Film Thickness 

(elm) 

- 

1.7 

3.5 

2 
2 

3 

1.5 . 

2 
2 

2 
2 

3.4 

2 

2.0 

3.5 

2 

2 

, Growth 
Temp. 

(OC) 

730 

727 

729 

685 

71 5 

728 

731 

559 

TI7 

749 

727 

695 

702 

729 

11lllA) 

t l l l A )  

;111A) 

(i11B) 
(1118) 

( I l l e )  

(191BI 

(T l lA l  
(11 1 8) 

(1 I lA)  
(1118) 

(111A) 

(1 11A) 

(11lA) 

(9118) 

(1118) 

(1118) 

rate 2500 ccpm; 

1 -36 
1 

-36 

-36 

- 36 

-36 

-36 

-36 

-36 

-36 

-31 

-36 

-23 

-23 

-23 

PH3florrc rate 

Resistivity 
{ohncmb 

- 

OJOE 

OD5 

0.03 
0.16 

0.C6 

0 . E  

0.04 - 
0.49 

0.08 
0.1 1 

0.06 

0.05 

0.04 

0.95 

0.62 

0.49 

Carrier 
Conc. 

(cms3) 

- 

2.7~10' 

5.91~10~ 

5 . 3 ~ 1 0 ' ~  
4.7x101 

3 . 9 ~ 1  016 

3.9x1016 

45x1 0' 
5 . 9 ~ 1 0 ' ~  

1 .8x1018 
3 . 1 ~ 1 0 ~ ~  

2 . 6 ~ 1 0 ~ ~  

2.5x101 

4.1 xlol 

4 .5~10'  

2 . 8 ~ 1  o1 

4 . 7 ~ 1 0 ' ~  

Moh~lity 
(cm2/v-sec) 

52 

39 

2070tt 

35 
2250tt 

2530tt 

21 5tt 

36 
1 7 7 ~ ~  

46 
1 860tt 

38 

49 

43 

1 4 6 0 ' ~  

36 

27 



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

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

Samples  of both commericallg-available and specially-prepared materials -- 
including high-purity polycrystalline aluminas, special glass-ceramics, some 
high-temperature glasses, and certain metals--will be evaluated f u r  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 a s  substrates for CVD growth of other semiconductors. 
Special attention will be given to Kovar, Mo, and W a s  growth substrates, both 
a s  fabricated sheet and a s  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. 

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 
com'mericially-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 large quantities. The crystalline nature of the sub- 
s trate  i s  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 i s  a single-crystal substrate, such 
a s  InP o r  GaAs, which results - under proper conditions of temperature, growth rate, 
and surface preparatiorl - in epitaxial growth of single-crystal InP. At the other 
extreme i s  an amorphous substrate, which presents a passive surface to the arriving 
atmos; the atoms then migrate over the surface and finally congregate a t  nucleation 
centers distributed at random. The latter process leads generally to a polycrystalline 
deposit with a statistical distribution of grain size and orientation, which is then sub- 
ject b possible modification by various means. 

During the f i r s t  quarter the deposition studies involved the single-crystal sub- 
s trate  materials GaAs and sapphire. Attention was also given to the selection and 
evaluation of various low-cost materials - glasses, alumina ceramics, metals, and 
some composites of these materials. Various contacts were made with glass, metal, 
and ceramic manufacturers to encourage their participation in the program by supply- 
ing specially prepared a s  well a s  standard materials for experimental evaluation. 

Low-cost substrate materials that were  tentatively identified a s  candidates for  
use in the program included the following: (1) polycrystalline alumina ceramics, such 
a s  refired ASM805 from the 3M Co; (2) glass-ceramics, such a s  Corning Code 9606; 
(3) glasses, such a s  Corning Codes 7059 and 0211; and (4) metals, such a s  Mo, in 
sheet o r  deposited film form. 

During the second quarter the efforts to obtain samples of suitable candidate 
materials were continued. The specific materials identified for  initial experiments- . 
tion with InP films deposited by the MO-CVD process were listed in Table 2-1 of 



Quarterly Report No. 2 (Ref 1). Because of early difficulties in establishing preferred 
growth parameters for large-area InP epitaxy on sapphire, any study of InP growth on 
polycrystalline aluminas has been deferred until la ter  in the program. Sapphire, 
however, continues to be used as  a substrate for monitoring possible cross-  
contamination among substrates, for  comparative growth ra te  studies, and fsr growth 
of GaAs, Ge, and/or metal intermediate layers for subsequent InP growth. 

During the third quarter  efforts to 0btai.n new samples of suitable candidate low- 
cost materials were continued. For  example, several glazed zircon substrates were 
received from Fer ro  Corporation (Independence, OH) for preliminary evaluation, on 
this and other solar cell programs a t  Rockwell. The glaze RX-3672 (composition not 
yet released by Ferro)  i s  described a s  having an average thermal expansion coeffi- 
cient (TEC) of 4 . 0 ~ 1 0 ~ ~  per  deg C, 'approximately cqual to that of InP. In addition, 
Owens-Illinois (Toledo, OH) plans to suppiy three new glasses with TEC values of 
-4.5x10-~ per  deg C; these will be processed by Rockwell into polished substrates. ' 

Corning Glass Works has also supplied additional substrates of Code 0317 glass, even 
though this glass has been withdrawn from the commerical market at the present time. 

Film3 of In (.%500 Llriuk), Au (-1500 A),  alrd Ue (-PUOU A), in addition to Mo 
(-2000 f i )  previously prepared, have been vacuum deposited on separate substrates of 
Corning Code 0317 glass for use in determining the effect, of intermediate  layer^ on 
InP film nucleation And growth. 

To help in determining the possible influence of substrate impurities on film 
properties, several glasses from various vendors were sent to Pacific Spectro- 
chemical Laboratory, Inc. (Los Angeles, CA), for  semiquantitative analysis by 
spectrographic means. Because of the proprietary nature of most of these materials,  
the glasses, have been identified by letter code only. Table 2-5 indicates the major 
constituents found in these glasses, i. e . ,  those elements detected a s  oxides present 
in concentrations over 1 percent. 

Table 2-5. Major Cons ti tuents in Several Glass Subs tra te Malex-ials 

Glass Designation 

A 

0 

C 

0 

E 

F 
4.. - 

Major Elements Present* 
.. ". 

~ i ,  Ce, AQ 

Si, Ca, AP, Mg, 8 a  

Si. Ca. A.!. Ti. Pb: Zr 

Si. Ca, A S .  Mg 

Si, A l ,  Me, Ti 

Si, Na, K, As 



At'least 17 different elements (as  oxides) were found in the analyses of these six 
glasses; some elements major in one glass were not detected at all in others. In 
addition to the major elements listed in Table 2-5 a r e  other chemical constituents 
such a s  Fe, B, Mn, Ga, W, Cu, Ag, S r  and Ni; in several of the glasses Sr ,  As, B 
and Fe  a r e  present (as  oxides) in concentrations between 0.2 and 1.0 percent. 
Because the MO-CVD process depends on pyrolysis to form the desired compound, 
the probability of contamination from the substrate i s  reduced compared with that 
associated with a halide "etching" process. In fact, there may be little relation 
between impurities occurring in the substrate and impurities found in the film. Later 
work with InP film growth on various low-cost substrate materials may help to clarify 
this question. In the meantime, the results of these analyses will be used in evaluat- 
ing the suitability of the glasses involved for  continued use in the InP film growth 
studies. 

Several' polycrystalline ceramics, such as  aluminas of various grain sizes and 
steatite, have been polished in Rockwell laboratories and a r e  new available for sub- 
s trate  use  a t  the appropriate time. Considerable further delay has been encountered 
in the receipt of the polished graphite substrates of high purity and low porosity 
ordered over 3 months ago from Poco Graphite, Inc. (Decatur, TX). The latest 
promised delivery date i s  the end of July. 



2.3 TASK C. GROWTH OF InP FILMS BY MO-CVD ON INEXPENSIVE SUBSTRATE 
MATER l ALS 

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

CVD parameters  and procedures developed in Task A with single-crystal sub- 
s t ra tes  will be applied to InP film growth on the inexpensive substrate materials 
identified in Task B. The TEI-PH3 reaction will be investigated in He ca r r i e r  
gas for use with glasses (or other materials) found to be unstable in Hz, the - preferred c a r r i e r  gas. Modifications in other CVD parameters  - such a s  
temperature, reactant concentration ratios, and dopant concentrations - will be 
evaluated in t e rms  of the effect upon film properties achieved in InP grown on 
polycrystalline and amorphous substrates. Effects of interface layers of metals 
o r  other semiconductors on the properties of the InP films will be evaluated. 
In situ annealing procedures and two -step growth procedures involviilg cl~anges -- 
in depusillon rate and temperature cycling over limited ranges will bc investi- 
gated as possible rrieans for improving the s tnot t i ra l  n-lldl'ol electrical yroper- 
lies of the InP films. Similarly, proceduroo dcvclopecl i r ~  Task b for producing 
substrate surfaces that a r e  more favorable to large-grain InP film growth will 
be fully exploited in these investigations. 

As indicated in the program proposal and in the f i r s t  quarterly report (Ref 2), 
the principal effort on this task was scheduled to  begin during the second quarter,  
with the f i r s t  experiments concentrating on comparisons of the growth of InP films 
on single-crystal and on selected low-cost polycrystalline o r  amorphous substrates, 
for  given deposition parameters.  Because many of the CVD parameters  required for.. 
the epitaxial deposition of InP were identified early in the program, it appeared 
practical to u s e  these parameters  initially in experimentally testing some of the 
candidate low-cost substrate(s) for InP film growth. The low-cost materials used 
for  initial evaluation included Corning Codes 1723, 7059, and 0317 glasses and Owens- 
Illinois EE-2 glass, a s  well a s  Mo, Mo alloy, W, and Fe-Ni alloys in sheet form, 
and sputtered Mo films on 7059 and 0317 glass substrates. 

During the third quarter ,  experiments continued for  determining the effect of 
varying growth parameters  on the condition and quality of films grown on selected 
low-cost polycrystalline and/or amorphous substrates. Growth parameters  which 
had previously given high quality films on GaA s and InP single-crystal substrates 
were initially used in these experiments and in testing some new candidate substrate 
materials  for compatibility with InP and the CVD environment. Films were grown 
on glasses, metals and metal alloys, and on intermediate layers  of Au, Mo, and Ge. 
The resul t s  a r e  summarized below. \ 

2.3.1 InP Film Growth on Glasses 

Fi lms we.re grown on six additinnal g l a ~ ~ c n  nf temparrilurcs in  the range 
5 6 0 - 7 7 ~ " ~  durlng this report period. In addition to Corning Codcs 1723, 0317, and 
7059, and Owens-Illinois EE-2 glasses previously used for InP film growth, the 
following glasses were tested: Corning Code 0211 and Owens-Illinois EE-5, GS238, 
GS210, GS211, and GS213. 



SEM examination ot the lilms indicateu that the growths on these glasses were 
essentially identical for the same growth conditions. The nature of the deposits is 
shown in Figures 2-4 and 2-5; these photographs show representative f i In~ gl-owth on 
Owens-Illinois EE-5 glass substrates. In Figure 2-4 columnar-type growth of InP 
appears to be more prevalent for deposition temperatures of 575OC and bclow, with 
the crystallite columns initiating at  o r  near the glass surface; at and above 625 '~  thc 
surfaces of the films appeared crystallographically faceted but still very rugged in 
texture, when observed at 7000X magnification i n  the SEM. ~ho'tographs F e n  normal 
to the surface indicate fewer voids in the films grown at  671% than in those grown d 
704OC (Figure 2-5). These films did exhibit many areas of high reflectivity and 
cryf allographi cally oriented surf ace textures. 

InP growth on these glasses was observed to occur very slowly. The early 
growth is in the form of a gray-white deposit that is obvious only nfkr 'the f irst  
few minutes of growth at the typical growth ra te  of 1-2 pm/hr. If this initial deposit 
is free In, then it was thoqght that a thicker molten In layer might enhance surface 
mobility, result iq more rapid surface caverage by In, and perhaps induce a vapor- 
liquid-solid (VW) mechanism of needle "growth. 

To test this hypothesis, a "layer11 of In was produced on a glass substrate by 
~ y r o l y s i s  of TEI in IfS, annealed in H for about 5 min, then exposed to PI13 for 15 
min; InP deposition was then continue% As shown in FIgure 2-6, the deposits of 
separate vertical columnar-type crystallites on 0317 glass at 548 and 5790C were 
randomly decorated with l'cauliflower-likell structures; at 6 3 1 ' ~  the continuous film 
surface was crystallographically faceted, but many of the crystal grains had hollow 
o r  depressed central regions. There was no direct evidence for VLS growth during 
th i s  limited study. It is obviously necessary to explore the early growth process on 
glasses in  more detail, e. g., to examine the nature of the gray-white deposit and its 
composition as a function of thickness, in order to begin to understand the growth 
phenomena that a r e  taking place. 

Sequential deposition of two InP layers at two different temperatures on a given 
substrate was also undertaken with these glasses. Layers were grown at  625OC for 
10 min and for 30 min in  two separate experiments. In the former case a second layer 
was grown at G75OC for a period of 50 min to form the double layer. In the other 
experiment the second layer was grown at 6750C for 30 min. No intentional doping 
wax done in either experiment. The double layers were discontinuous in both instances; 
it appeared that the first-grown layers were probably not continuous. This apparent 
tendency toward relatively widely separated island growth (and thus probably widely 
separated nucleation at the onset of deposition) may be characteristic of InP growth on 
these glasses and may thus be significant in  determining eventual grain size in poly- 
crystalline InP films on glasses. Additional investigation of these phenomena will be 
undertaken later in the program. \ 

After Reactor No. 7 was put into use, additional films were grown on various 
ghsscs over the range 625-700°c to take advantage of the higher growth rates possible 
with Reactor No. 7. Substrate coverage appeared to be at  most only about 90 percent 
complelc under the best conditions used with this reactor. 



(el 
Ngure 2-4. E3M Photographs of InP Film Growth on EE-5 Glass as Function of Deposition Temperature. 

a) 54gaC, b) 5730C, c) 634OC, d) 6710C, e) 7040C. (Views at 60 deg angle with surfaces.) 



Figure 2-5. SEM Photographs of InP Film Growth on EE-5 Glass at 
a) 671'~ and b) 7 0 4 ~ ~ .  (Views normal to film surfaces. ) 



Figure 2-6. SEM Photographs of InP Films Gmwn on Corning Code 0317 
Glass at Several Different Temperatures. a) 551oC, b) 548OC, c) 5790C, d) .6310C4 

Films in b, c, d Grown with ftPre-In" Treatment - See Text. (Views normal to 
film surfaces, except d' which is at 60 deg with surface. ) 
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For the case of films grown wlth Re$etbY No. 2, better surface c 
achieved at -625O~, and the films appeared smoother when grown at this temperature, 
a s  shown in Figure 2-5 for growth on EE-5. In one experiment, however, for reasons 
not clear, part of a film grown on glass EE-5 at 6 0 6 ~ ~  separated from the substrate. 
The lifted portion shown at the Icfl in Figure 2-7 indicates that many voids were present 
at the film-glass interface, and that changes in the present nucleation and early growth 
process are  necessary to improve InP film growth on these glasses. None of the other 
film-glass composites grown simultaneously with the above film showed any separation, 
however. 

2.3.2 InP Film Growth on Metals and Metal Alloys 

SEM photographs of the polycrystalline films grown on standard Mo, W, md TZM 
(Mo alloy) materials from AMAX Specialty Metals, various Fe-Ni alloys-~from several 
suppliers, and specially ,annealed Mo from GTE Sylvania are  shown in Figures 2-8, 9, 
and 10. SEM photographs of some of the bare substrates a re  also included. At these 
magnifications (see Figure 2-8) the "standard" metal surfaces a re  seen to be quite 
variable in quality and roughness; this may be the reason for the variation in film 
quality obtained. The film growths on Mo, W, and TZM appear to be quite similar 
(Figure 2-8); similarly, the InP growths on the Fe-Ni alloys (Figure 2-9) a re  very 
much alike. The crjwtallites appear more highly oriented on W, Mo, and the TZM 
alloy than on the Fe-Ni alloys. When a thicker film was grown on Kovar at 650°C, 
the film did not adhere well; therefore, the use of Kovar and related alloys a s  sub- 
strates for the direct growth of InP is no longer being considered. 

Figure 2-7. SEM Photograph of InP Film part$ Detached from Surface of 
EE-5 Glass Substrate. (View at 45 deg andle with film surface. ) 

2 '7 



(c) 
Figure 2-8. SEM Photographs of InP Films (lower portion of pho:ograph) Grown at 624 '~  on 

Several Metal Substrates (upper portion 01 photaraph). a) Mo, b) W, c) TZM Alloy. 



. dl  .f 

Figure 2-9. $h&ogradhi%f f n ~  Films Grown at 5 7 6 ' ~  on Substrates of 
a )  Kovar and b) Niron. (Views at 45 deg angle with film surfaces. ) 



Figure 2-10. SEM Photographs of InP Films Grown on Surfaces of Specially 
Annealed Mo Substrates at 61g°C (a, b, c), and at 704O~ (d, e,  f). 

(Views at 45  deg angle with film surfaces. ) 
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InP Films were also deposited on the fhree annealed Mo substrates supplied by 
GTE. A comparison of the films grown at  (ilg°C and , 7 0 4 ~ ~  (Figure 2-1 0) indicates n 
much smoother structure and fewer voids in the films grown a t  the lower temperature. 
The reason for the different nefmorks of apparent llgrainsw in these films i s  not known. 
However, it may relate to the annuahng procassca uscd hy GTE in preparing these 
substrates. Representative pieces of these annealed materials will be electropolished 
to prepare a better surface for  InP film growth in future experiments. 

2.3.3 InP Film Growth on &termediatc Films on Glass Substrates 

InP films wcrc gro~vn Jsing established conditions on Mo layers 2000/( and 4000i 
thick that had been sputtcl-cd onto Corning Code 0317 glass substrates. As shown in 
Figure 2-11, the films grown on both thicknesses of the Mo at (i24OC were needle- o r  
spike-like, solnewhat similar to the films grown on EE-5 glass at 5730C (Figure 2-4). 
Films grown on tho Mo lnyurs at 70d0C (Figure 2-12) were much: more granular. 
There appear to hi? fewer voids at the InP-Mo interface than are found at the interface 
of films grown directly on glass at the same teinperature (cf Figure 2-5). 

As shown in Figures 2-13 and 2-14, needle- o r  spik like grawth was also P obtained for InP layers grown nt (i530C on thin films (2000 ) of Ge deposited on 0317 
glass (Figure 2-13) :tntl on u lightly-etched polycrystalline film of GaAs -6pm thick 
grown by MO-C: \rll on 03 17 glass (Figure 2-14). At a higher growth temperature of 
693OC tlic surface of tllc> InY film on Ge was somewhat undulatisg, with channels 0.5 p m  
tlccp. This nonuniformity is probably related to changes that have been observed in 

. the Ge films duringthe initial heating period and the "HZ etch. " The Ge films a r e  
nomal ly  heated in H2 to temperatures in excess of 700°C prior to InP film growth, to 
remove naturally occurring aurfaca oxides. This causes a ohange from a dark 
reflective Gc surface to a crystalline-grny color. The nature of this'change has 
not yet been oxamfned in detail. 



Figure 2-11. SEM Photographs of InP Films Deposited at 624'~ on o Layers 
Sputtered onto orning Code 0317 Glass Substrates. a) Mo 2000 Thick; P AM 

b) Mo 4000 Thick. (Views at 60 deg angle with film surface@ 
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Figure 2-12. SEM Photographs of Films Grown at ~W'C on Sputtered Mo layers on Corning Code 0317 G k s s .  
TnP Film on Mo Viewed a) in Cross-section and b) Normal to Surface; 

Mo Viewed c) in Cross-section and d) Normal to Surface. 



la? 

Figure 2-13. SEM Photographs of InP Films ~ r o w n  on Ge Layers 2000k Thick on Corning Code 0317 Glass. 
Film Grown at 653OC Viewed a) Wonnal to Surface and b) in C:ross-section; 
Film Grown a& 693'~  'Jiewed c) Normal to Surface and d) in Cross-section. 



k'igure 2-14. SEM Photographs of InP Deposited at 6530C on GaAs Layer 
-6 pm Thick on Corning Code 0317 Glass, Viewed a) Normal to Film Surface 

and b) in Cross-section. 



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 determination of properties of InP grolltin on several 
single-crystal substrates, and on development and  enaluation of electrical con- 
tacts on p- and n-type InP. Films later grown on inexpensive polycrystalline 
and amorphous substrates will be evaluated for evidence of film-substrate inter- 
actions, preferred orientation tendencies in the films, grain size, and film 
surface topography. Surface profilometry, x-ray diffraction analyses, scanning- 
electron microscopy examination, reflection electron diffraction analyses, and 
replica electron microscopy will be used far structural characterization. Auger 
electron speotrascopy, electron microprobe analysis, and ion-microprobe mass 
analy$ls will be employed wbere appropriate. Electrical properties of the films 
Will be determined by Hall-effect measure.ments of transport properties, C-V 
analyses with Schottky barriers, spreading resistance measurements, EBIC 
scans in the SEM (for determination of minority carrier properties), and other 
techniques as required. Optical transmission spectra, reflectance spectra, and 
surface photovoltage measurements will also be used to supply additional infor- 
mation about film properties. 

Relatively little activity occurred on this taak in the first quarter since InP films 
were first grown in the new MO-CVD reactor system quite late in the quarter. Most 
of the effort was devoted to planning and preparing characterization apparatus and 
techniques. However, some of the first InP films grown on single-crystal GaAs sub- 
strates were evaluated using reflection electron diffraction (RED) and SEM techniques, 
and electrical properties of several of the films were measured. The undoped n-type 
films that were grown were found to be epitaxial (i. e., single crystal) on two different 
orientations of single-crystal GaAs, with measured carrier concentrations in the 
1016 cms3 range and electron mobilities (measured by the van der Pauw method) up 
to -2000 cm2/v-sec a t  room temperature. 

The effort expended on this task increased greatly during the second quarter. 
Characterization of InP film properties now constitutes a large portion of the total 
program activity. Analysis by a variety of techniques provides not only useful feedback 
for the development of the CVD process brat alsa assistance in the selection nf ~llhstrates 
for use in device fabrication. Electrical evaluation of film properties and contact 
properties establishes the suitability of doping levels arid contact technology. Interactions 
of the low-cost substrates and the grown films are  examined carefully. Preferred 
orientation tendencies in the films, grain size and shape in the f i lms  (inclodjng any 
dependence upon distance from the film-substrate interface), and film surface topo- 
graphy are all good indicators of the influence of the substrate on the properties of the 
film. 

Much of the work to date in this task has involved application of routine 
measurement techniques to the characterization of single-crystal and poIycrystalline 
InP in support of Tasks A, B, and C. Measurements of electrical properties by the 
van der Pauw technique, of surface physical properties by scanning electron microscopy, 
and of structural properties by x-ray diffraction analysis have provided the primary 
indicators of film quality to direct the growth experiments. The latter two techniques 
a re  quite standard and a r e  employed in that way. 



F o r  electrical measurements  the major  deviation from standard practice has 
been in the a r e a  of contact formation. While it has been standard practice to alloy 
small  sphercs  of In into experimental samples to obtain ohmic contact, this procedure 
has generally not been successful for  p-typc InP. As a result ,  the Au-Zn-Au contact 
technology developed under the subcontract to Stanford (Task E)  has  been used for  
these samples. It has proven to be more  than adquate, although l e s s  convenient than 
the alloyed-sphere method. In cases  where there i s  doubt over  the conductivity type 
of a layer  to be evaluated a voltage breakdown technique i s  used to determine the type. 
This  technique i s  based on observing the rectifying behavior of a pressure-type 
"Schottky bar r ie r f ' .  Ohmic contact i s  f i r s t  formed by locally "altering" the surface of 
the sample with a Tesla  coil and then touching a mechanical contact probe to the altered 
a rea .  This  technique has proved to be valuable for  screening samples for  conductivity 
type* 

Since p-type f i lms have now become available a s  a resul t  of the work on Task A 
some preliminary device s t ruc tures  have been constructed, both to measure  the per-  
formance of the devices themselves and to provide models for  experimental samples 
to be fabricated l a t e r  in the program for  use in determining minority c a r r i e r  diffusion 
length and grain size. 

The f i r s t  such samples  uscd were p-type filllls of InP deposited on semi-insulating 
GaAs single-crystal substrates.  One was Zn-doped to produce a measured hole concen- 
tration of 8.2 x 1016 cm-3, with a thickness of 2.3 pm. The other  .was grown to a 
thickness of 1.1 pm and was Zn-doped to produce a measured hole concentration of 
2.5 x 1016 cm-3, 

Broad ohmic contact gr ids  (50-mil l ines  on 100-mil centers)  of Au-Zn-Au were 
deposited on the InP film surface and alloyed. Schottky b a r r i e r s  of 50A-thick Au 
25 mi ls  square were then deposited in the centers  of the square contact grid openings, 
and a 10-mil-square bonding pad of Au was deposited on one corner  of each Schottky 
bar r ie r .  The devices were then tested a t  a probe station to obtain the I-V characteristics.  

The ohmic contact metallization on these samples  was apparently much thinner 
than originally intended, and a s  a resul t  the contacts alloyed deeply into the surface, 
leaving only a thin resis t ive contact layer.. However, in some regions of the metalli- 
zation the conductivity was high enough to permit  reasonable Schottky-barrier behavior 
to be observed. The forward resis tances of the devices were generally quite high - the 
o r d e r  of 2000 ohms - but some of the bet ter  devices were  nonetheless exposed to 
simulated AM0 illumination (-135 mw/cm2) to determine their photoresponses. 

The best of the devices s o  tested (see Figure 2-15) showed a short-circuit 
cur ren t  density of 12.5 m ~ / c m ~ .  This relatively high value is surpris ing in view of 
the disorder  expected to ex is t  in the lattice of the InP so  close to the InP-GaAs interface. 
These  resu l t s  a r e  encouragirig to the fur ther  exploration of Schottky-barrier devices on 
InP films, possibly using the MIS configuration. Additional work will be done in the 
coming quarter ,  

Other p-type InP films.have become available fo r  device fabrication. These 
include epitaxial p l aye r s  on p-type InP, n/p/p+ s t ruc tures  on TnP, -p/n/n+ s t ruc tures  
on InP, and n/p+ s t ruc tures  on InP. In the cases  of the p/n/n+ and n/p/p+ s t ruc tures  
the top epitaxial l ayer  was chosen to be the o r d e r  of 1 pm thick; the bottom layer  is 
the substrate in these two cases .  



DEVICE SIZE: 0A2&IN. x 0.026.1N. 

'TAGE V'(VOLTS) 

Figure 2-15. Dark and Illuminated I-V Characteristics of 50A Au 
Schottky-barrier Diode in Epitaxial InP Film Grown on Single-crystal 
Semi-insulating GaAs Substrate. 

- 
Schottky ba r r i e r s  were formed by depositing Au layers -50A thick on the P/p+ 

samples, and Au-Zn-Au contacts were applied to the back of the sample. The devices 
s o  fabricated showed anomalously high forward voltages of greater  than 1 V at 1 rnA. 
When the samples were luminated with -135 mw/cm2 of AM0 illumination the light I-V 
characteristics showed an  anomalous "dlp" (see Figure 2-10) in the fourth quadrant, 
The effect of this inflection is to reduce the short-circu.it curre111 1ru111 the light indueed 
values observed a t  negative biases by a factor of about two. The fill factor is re.duced 
to less than 0.25, a s  a. result. 

Similar effects have been seen for devices in the n/p/p+ structures fabricated a t  
the same time, so  the possibility of a proceuul~~g-induued problem is suggcotcd. It io 
postulated that the contact to the P+ InP is rectifying and that, in effect, two bar r i e r s  
exist in series. Such a model might account for  the I-V characteristics seen in 
Figurs 2-16. 

Most of the.junction structures growl1 lu date liave shown exceaa lcnlrnge ourrents, 
even.for devices of a rea  less than 0.1 cm2. Further work will be necessary to deter- 
mine the cause of this leakage and to correct  the problems. 



DEVICE SIZE: 
0.050 in. x 0.050 in. 

s LIGHT 
(AM0 ILLUMINATION) 
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1.0 1.5 VOLTAGE V (volts) 

Figure 2-16. Dark and Illuminated I-V Characteristics of 5081 Au 
Schottlq-barrier Diode in 1 p m  Epitaxial InP Film Grown on P-type 
Single-crystal InP Substrate. 



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 InP 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. This work will continue throughout the contract period, 
and will involve activity in five areas: (1) evaluation of the InP 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 o r  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 deposition to make y,&-le-\N;t]Rdow 
he'terojunction cell structures, and extension of work to include ZnSSe solid 
solutions for wider window; (4) preparation of CdS films on ITO-coated substrates 
for  use as growth surfaces in experimental InP depositions a t  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 ca r r i e r  diffusion lengths in SEM, and 
spectral dependence of I,,). 

The work of this task i s  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 Investigator, on a subcontract from Rockwell; 
Dr. A. L. .Fahrenbruch i s  principal research associate on this task a t  Stanford. The 
technical objective of the subcontract work i s  the formation of heterojunction device 
structures by deposition of films of other semiconductors on the InP films prepared a t  
Rockwell, and the evaluation of the photovoltaic properties of the resulting composites. 

The work in the f i rs t  quarter  was concerned primarily with the characterization 
of bulk single-crystal InP and with the formation and properties of electrical contacts 
to this material. These investigations provided background information and working 
experience fo r  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 were successfully made during the f i rs t  quarter; ohmic contacts of Au-Zn-Au 
were produced on p-type InP by two different deposition methods. Contact resistivities 
a s  low as-0.1 ohm-cm2 (after annealing in H2 a t  1 7 5 O ~ )  were obtained by vacuum 
deposition methods and < 1 ohm-cm2 (afterannealing in H2 a t  350'~) by an  electro- 
deposition process. 

The work of this task in the second quarter  continued the development of low- 
resistance electrical contacts to p-type InP in the doping range 10~5-1018 cm-3 by 
vacuum deposition and electrodeposition, and included an analysis of transport in single 
crystals  of n-type and p-type InP and in CVD films of n-type InP a s  a function of 
temperature, via the Hall effect. The study of transport properties of undoped n-type 
CVD films of InP indicated that lattice scattering dominates the low temperature behavior 
of these films, with appreciably higher mobility observed in films grown on (100) GaAs 
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than in films grown on (11lA) GaAs surfaces. Photoconductivity measurements on the 
InP films indicated a photo-induced increase in both the electron concentration and the 
electron mobility over the entire temperature range between 7 7 O ~  ,and room temperature 
Spectral response measurements gave values of 1.34 eV and 1.43 eV for the bandgap of 
these InP films a t  300°K and 77OK, respectively. 

During the third quarter of work on this task extensive characterization was 
carried out on the nature of electrical transport in (1) seven n-type InP films, prepared 
by MO-CVD a t  Rockwell on semi-insulating GaAs:Cr substrates; (2) s ix n-type InP films, 
prepared by MO-CVD a t  Rockwell on semi-insulating InP:Fe substrates; and (3) five 
p-type InP films doped with Zn prepared by MO-CVD a t  Rockwell on semi-insulating 
GaAs:Cr substrates. In addition, the first experimental photovoltaic n - c d ~ / p - I n ~  
all-film cell utilizing InP grown by MO-CVD was constructed and evaluated. 

2.5.1 Properties of Undoped N-type InP Films on GaAs:Cr Substrates 

Seven samples of undoped n-type InP films deposited by MO-CVD on insulating 
GaAs:Cr substrates at  Rockwell were examined by Hall-effect measurements a s  a 
function of temperature a t  Stanford. Results of these measurements a r e  summarized 
in Table 2-6. Figure 2-17a, b, and c show the temperature dependence of conductivity, 
electron concentration, and electron mobility, respectively, for  these seven samples. 

A comparison of the properties of films deposited on (100)GaAs substrates with 
those deposited simultaneously on (111)GaAs shows that in each case the mobility of the 
InP film is greater on the (100)~aAs  substrate. 

The film listed f irst  in the table - that grown on (100)GaAs in experiment 26 - 
exhibited the highest ca r r i e r  mobility of the undoped n-type films grown on GaAs sub- 
strates to date, throughout the temperature range from 77OK to room temperature. 
Based on the assumption that this film represents a case in which ca r r i e r  mobility i s  
totally controlled by scattering processes within the bulk material,, that is ,  i s  not 
influenced by any kind of grain boundary :effects, it i s  possible to describe in a useful 
way the temperature dependence of electron mobility of all the samples measured. 
Thus, if the mobility a s  a function of temperature for the reference film i s  called 
po(T), then for all samples of this type it i s  possible to describe the mobility '(T) a s  
follows: 

p(T) = ~ X P  ( - E ~ / ~ T ) .  for T > T ~ ,  (1) 

and 

for T < Tc.- 

0 
The observed value for T, for this group of samples is about 200 K. 

Calculated values of E and R for the samples other than the reference sample 
are also given in Table 2-6.' It i s  ebident that the magnitude of E generally increases 
with decreasing electron density, and that the magnitude of H pekerally deoraaaea with 
decreasing electron density. The parameter E can be inte&reted to represent the 

P height of intergrain potential ba r r i e r s  within the layers that impede the normal mobility 



Table 2.-6. Electric& Properties of Undoped N-type InP Films Grown by MO-CVD 
on Single-crystal GaAs:Cr Substrates 

I 

I 
Experiment 
Squance 
Number 

26 

26 

20 

20 

21 

27 

27 

*Assuming that arrier mobility .e6e! et higher temperalures {T>Tc) as p = po exp (- E /kT) where po i s  defined as the measured p (T) for the film grown on 
(1OO)GaAs in sxpwiment 26 (first raw of table). P 

tAsuming that the mobility varies a t  lower temperature! (T< Tcl  as p = Rpp ,, where R+ is  a temperature-irdependeat parameter (see text) and po is as defined above. 

Substrate 

(100)GaAs 

(1llA)GaAr 

(1OO)GaAs 

(1 11A)GaAr 

(100)6aAs 

(100IGaAs 

(111AIGaAs 

Depos. 
Temp. 
(OC) 

625 

625 

620 

620 

626 

649 

649 

Film 
Thickness 

(p  m) 

277 

2 7 7  

2.40 

2.40 

2.8 

2.6 

2.2 

Carrier 
Concentration 

(em-3) 
77OK 

8 . 2 ~ 1 0 ~  

5 . 7 ~ 1 0 ~ ~  

7 . 7 ~ 1 0 ~ ~  

4 . 8 ~ 1 0 ~ ~  

6 . 3 ~ 1 0 ~ ~  

2 . 7 ~ 1 0 ~ ~  

2 . 4 ~ 1 0 ~  

Carier 
Mobili:y 

(crn2/ J-sec) 

296OK 

1 .6x10l6 

1 . 4 ~ 1 0 ~ ~  

1 . 6 ~ 1 0 ~ ~  

8 . 7 ~ 1 0 ~  

1 . 3 ~ 1 0 ~ ~  

4 . 9 ~ 1 0 ~  

4 . 2 ~ 1 0 ~ ~  

Barrier 
Height E p* 

(eV) 

0.00 

0.00 

0.00 

0.0077 

0.016 

0.035 

0.049 

77OK 

10,500 

6040 

7730 

3120 

3280 

1900 

657 

296OK 

3100 

1480 

1880 

1120 

968 

1050 

611 

Mobility 
Ratio 

R ,t 

1 .OO 

0.53 

0.64 

0.30 

0.28 

0.19 

0.066 

In Contact 
Resistivity 
(ohm-em2) 

0.6 - 4.0 

0.6 - 5.0 

0.7 - 3.5 

1.2 - 9.5 - 
1.3 - 5.6 

4.2 - 15 

14 - 36 



NOTE: Samples identified by 
experiment sequence number and 
orientation of GaAs substrate. 

Figure 2-17. Temperature Dependence of (a) Electrical Conductivity, (b) Electron 
Concentration, and (c )  Electron Mobility for Undoped N-type InP Films Deposited by 
MO-CVD on GaAs:Cr Substrates. (Dashed curves represent measured properties . 
under illumination for two of the samples; see text.) 



of charge ca r r i e r s  above a certain temperature (Tc). The parameter  Rp can be  inter- 
preted to represent the temperature-independent mobility behavior in the lower 
temperature range (T<Tc),  where tunneling th?ough these intergrain potential ba r r i e r s  
dominates. 

The mobility ratio p ( ~ ) / C I o ( ~ )  for  the six samples of Table 2-6 (referred to the 
mobility of the film on (100)GaAs in experiment 26) i s  plotted throughout the temperature 
range in Figure 2-18. The values listed in Table 2-6 for E y  for these samples a r e  
shown, a s  derived from the slopes of the curves in the high temperature region 
(T>-200'~). Wllrn tl ir values of Ry, a s  listed in Table 2-6, a r e  plotted a s  a function 
of the low-temperature (77 '~)  electron concentration n for the seven samples the r e s  It 

CI 
1 is a s  shown in Figure 2-19. It i s  seen that the value 0f.R varies approximately a s  n . 

It would be expected that the effects of intergrain ba r r i e r s  on electron transport would 
be greatest in films with the lowest electron concentrations, and hence the largest  
depletion layer widths a t  such intergrain boundaries. Both ba r r i e r  height E l ,  and 
tunneling transmission probability Rpare  seen to take on extreme values f ~ r  the films 
of experiment 27 - those with the smallest electron concentrations. 

One way o-f increasing the electron concentration and of affecting intergrain 
b a r r i e r  heights through trapping of c a r r i e r s  i s  photoexcitation of the material. It can 
be seen in Figure 2-17 that photoexcitation increases both the electron concentration 
and the electron mobility for two of these films. Figure 2-18 shows that photoexcitation 
reduces the value of Ep fo r  film 2 0 / ( 1 1 1 ~ )  from 0.0077 eV to zero, and increases the 
value of Rp for this film from 0.30 to 0.45. Similarly, for film 2 7 / ( 1 1 1 ~ )  pnoto- 
excitation reduces E from 0.049 eV to 0.019 eV, and increases R from 0.066 to 0.19. 

P I-' 

Such behavior would be expected for a material in which the properties a r e  
controlled by intergrain boundaries according to the above interpretation. There i s  a 
possibility that low-angle grain boundaries exist in these films on GaAs substrates, 
and thus might be a factor in the effects discussed above. Some evidence for such 
defects i s  seen in the optical photomicrographs shown in Figure 2-20. Both films 
shown were deposited on (111A)-oriented GaAs:Cr substrates. one a t  620°C and one a t  
649°C; the film grown a t  6 2 0 ' ~  (experiment 20) was deposited with the usual "pre-pH3" 
treatment (see Task A discussion), while the sample prepared a t  6 4 9 ' ~  did not have 
the pre-pH3 treatment prior  to growth. The extent to which these differences might 
affect the observed properties of these films i s  not known a t  this time. 

2.5.2 Properties of TJndoped N-type InP Films on 1nP:Fc S11h.strat.e~ 

Six samples of undoped n-type InP fllms deposited by MO-CVD on semi-insulating 
InP:Fe single-crystal substrates a t  Rockwell were examined by Hall-effect measure- 
ments a s  a function of temperature a t  Stanford during this report period. Results of 
these measurements a r e  summarized in Table 2-7. F i g ~ ~ r e ~  2-210, h, and c show the 
temperature dependence of the electrical conductivity, the clectron concentration, and 
the electron mobility, respectively, for these six samples. 

InP films grown in InP substrates show more uniform dependence of properties 
upon changes in growth cnnrlitinns than do the InP filmo on CaA3 substrates that lwve 
been evaluated in detail to date. The highest mobility found for  any of the MO-CVD 
InP films is that for  the film of experiment 53: 3540 cm2/v-sec a t  296OK, and 
16,600 cm2/v-sec a t  7 7 O ~ .  The mobility of this film varies approximately a s  T-2 
between 200 and 3000K, a s  indicated in Figure 2-21c. 



NOTE: Samples identified by 
experiment sequence number 
and orientation of GaAs 
substrate 

Figure 2-18. Mobility Ratio p ( ~ ) / p d ( ~ )  for N-type Undoped InP Films Deposited by 
MO-CVD on GaAs:Cr Substrates, Referred to Mobility po(T) of Film on (100)GaAs 
in Experiment 26. (Dashed curves represent data for  two of the samples under 
illumination; see text. ) 

ELECTRON CONCENTRATION n ( ~ r n ' ~ )  AT 7 7 O ~  

Figure 2-19. Value of Low-temperature Mobility Ratio RC as Function of Electron 
Concentration at 7 7 ' ~  for N-type Undoped InP Films Deposited by MO-CVD on 
GaAs:Cr Substrates 

45 
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Figure 2-20. Optical Photomicrographs of' Surfaoes of Two Undoped 3-type InP Films 
Deposited by MO-CVD on GaAsGr Substrates. (a) Film Deposited at 6t3O0c on (111A)GaAs 
in Experiment 20, ~ i t h  Pre-pHg Treatment; (b) Film Dqmsited at 64g0C on (111A)GaAs in 
Experiment 27, witbut Pre-pH3 Treafmoat. (See b&. ; 
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t&mm*w crnkr mrLillly w k r t  lower tmpmturrs (T< Tc) as p = R p h  , wbrre R C, n a temperature-indepemlrnt pammaer and p i s  as defined abova 

Table 2-7. Ebctrical Properties of Undoped N-type hP Films Grown by 
MO-CVD ca Single-crystal (100)-oriented W:Fe Substrates 

qonlWs rpplkll fa mn d r  PIuw m w n m e m  on them mnpkcat RockmW mn remowd with Hg, aftat which vacuum-deposited In contacts were applied for 
six-tl~~W H d  maw-ats. 

In Contact 
Resistivii 
(ohm-em21 

0.26 - 1.7 

0.06 - 0.W 

0.11 - 0.92 

OBB - 0.51 

0.006 - 0.26 

0.01 - 0.89 

+ b n n i i  tkt crnir mobility v8tia at h i i h r  Zlm(lacltunr 1T > 1,) 8s p = po rxp (-E /kTl, where p ,, is defined as the measured p (TI for 
riilkayWl InFbrvinathr s#nr rkctron conantmion Csaa text). 

Mobility 
Ratio 

Rp t 

0.6 

0.6 

0.5 

0.7 

0.01 8 

0.1 5 

Bmim 
Hai~ht 

% *  
(eVI 

0.00 

0.00 

0.00 

0.00 

0.60 

0.BO 

Exp8rhnt 
w w  
NUlabr 

0 

64 

S F  

n 
60- 

51 

1 .  

Cerriar . 
Mobility 

(cm2/u-lrcl 
o m  
Tmp. 
(Oc) 

B7l  

620 

6M 

w 
a2 

682 
2 

770K 

16,600 

8960 

215) 

3560 

45 

417 

296OK 

3540 

2660 

1640. 

2490 

SQ 

423 

Film 
Thickness 

I pm) 

3.7 

29 

2 5  

2.5 

1 3  

1.6 

Carrier 
Conerntntion 

( ~ m * ~ )  
770K 

5 . 5 ~ 1 0 ~ ~  

1 . 9 ~ 1 0 1 ~  

4 . 2 ~ 1 0 ~ ~  

1.0~1016 

3.6~10~ 

3 . 2 ~ 1 0 1 ~  

236OK 

1 . 4 ~ 1 0 ~ 6  

3 . 0 ~ 1 0 ~ ~  

S A X ~ O ~ ~  

1 .ox1 o1 

4 . 5 ~ 1  o1 

42x1017 



NOTE: Samples identified by 
experiment sequence ?umber; 

' samples with asterisk( ) are 
second pieces from numbered 
experiment, on which original 
contacts were removed with 
Hg and new vacuum-deposited 
In contacts applied. 
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Figure 2-21. Temperature Dependence of (a) E16ctrical Conductivity, (b) Electron 
Concentration, and (c) Electron Mobility for Undoped N-type InP Films Deposited by 
MO-CVD on Single-crystal (100) -oriented 1nP:Fe Substrates. 



For all six films grown on InP single-crystal substrates, the variation of the 
mobility with temperature is identical to that reported by Glicksman and Weiser (Ref 3) 
for single crystals with comparable electron concentration, except that the absolute 
magnitude of the mobility in the films is slightly smaller. Equation (2) can be used to 
describe the mobility in these InP films when the mobility for one of the films is com- 
pared with the mobility of a single crystal with the same electron concentration. The 
results of suchoa comparison a r e  included in Table 2-7. At least for electron concen- 
trations a t  296 K between 1.4 x 1016 cm-3 and 1.0 x 1017 cm-3 the scale factor Rp is 
approximately independent of both temperature and electron concentration. 

The close correlation between the mobility of these films and the mobility of 
single crystal InP indicates that severe grain boundary effects a r e  absent. Indication 
of much improved structural quality in the films grown on InP substrates felative to 
that of the films grown on GaAs substrates is seen in the optical photomicrograph of 
the surface of a film on InP, shown in Figure 2-22. Comparison of this with the photo- 
.micrographs of Figure 2-20 shows a signif-i'cantly better surface structure in the film 
on (100) -oriented InP, which was deposited a t  571'~. It should be noted, however, 
thkt other factors than just the nature of the substrate may well be involved in 
producing differences in the structural perfection of the films illustrated in the two 
figures. 

Figure 2-22. Optical Photomicrograph of Undoped N-type InP Film Deposited at 
571 '~  by MO-CVD on 1nP:Fe Single-crystal Substrate, with Pre-pHR Treatment. 
(See text. ) 



2.5.3 General Observations on Undoped N-type InP Films 

Consider@ton of the data in Tables 2-6 and 2-7 with regard to variation of 
electron cancentation and electron mobility with various deposifiion parameters 
indicates several correlations of intereet. It must be noted, however, that these films 
were not intentionally doped during growth; the measured n-type conduce vity and the 
associated net electron concentration result from effective donor centers that have not 
yet been identified, nor has it been establjshed if these centers a re  chemical impurities 
o r  physical imperfectiom. 

1, For either InP or  GaAs substrates the measured electron mobility increases 
with increasing InP film thickness. This effect is commonly seen in 
expitaxial semiconductor films, especially in heteroepitaxial systems, and 
is attributed to the reduction in interface-related defects that occurs in the 
film a t  greater distances from the growth interface. 

2, For eiaer InP o r  GaAs substrates, the measured ele~%im mbillly apjxuru la 
decrease, in general, with bcreasitlg film deposit3cm t e m p e r a . .  "'lw 
data a re  the mast consistent for the layers on InP substrates and suggest 
that better film Cstructure, correlated with higher electron mobilities, may 
result for film growth a t  the lower temperatures. 

3. The mobility in films on IbP substrates decreases with increasing electron 
concentration, yhereas the mobility in filme on GaAs substrates increases 
with increasing electron concentration. The actual data are  shown in 
Figure 2-23, The fdct thaB the eleatron conaentration values in the films on 
GaAs substrates have almost no oveflap with the values in films on InP sub- 
strates make@ i t  diffiault to tell whether the major effect is a eubstrate effect 
or  simply an tdllsct~n4oncentration effect. However, the following 
interpretation apwars: %P fLt the observed facts, When the epitaxial growth 
i~ g;rrxrrd (fllrnu ua bP ~&8kl' iak~), potential barrisr~ to clootron transport 
are abs-ent and mobility is limited by lattiee and charged impurity scattr?ring 
effects; thus, the hi hest naobllIkies a r e  obtained for the lowest electron con- 
centrations. When f ho e p ~ ~ $ a ' l  growth i s  not so good ( i i l m ~  slan GaAs 
substmtee), potential barriers to electron transport d s r t  which lPmit the 
eleqtron mobilityv the height and width of these barfiepa, tiowever, depenbs 
on the electron conogntration present, and an increaae in electron concen- 
tration produces a dd rease  in height and width of the barriers and hence an 
increase in the electron mobfllty. 

\ - The mgasumci electron conoentration averaged eve? the total film thickness 
in films on InP substrates decreases with increasing film thickness, whereas 
the measured electron concentration in flIms on G a s  substrates increase8 
with increasing fif m thickness. The variations in &llactroti cwentmtion 
with thicknoss a r e  86 laIPfg8 (faux tfmss gre,abr u6BueIStratian for an i n e r a s e  
in lhiolsa~ss by 25 percent for Ciilrn~ cln Cake, and fax@ times smaller con- 
cuntration for an increase in thicknos5 by factor of two for films on InP) that 
it does not appear that 4he thickness itself can be the prinnasry parameter, 
It i s  more likely that the deposition temperature is the primary parameter in 
this obserired variatfon; in the oase of the films on In9 substrates the 
mcaeured clootPon conocntrrrtion goes clown ae the d~porri_H_n~ t.mperature i s  
reduced, while In the films on GaAs the observed electron concentratioa 



63 (1 11 A) Gab: Cr SUBSTRATES 
A (100) InP: Fe SUBSTRATES 

ELECTRON -CONCENTRATION ( ~ m - ~ )  

Figure 2-23. Measured Electron Mobilitjr a s  Function of Electron Concentration 
for  Undoped N-type InP Films Deposited by MO-CVD on Single-crystal Substrates 
of GaAs:Cr and InP:Fe, from Tables 2-6 and 2-7. 

appears to increase with decreasing deposition temperature. The situation 
here is very complex, however. It is possible that the interfacial defects 
have associated with them acceptor centers, which occur in significant con- 
centrations a t  the InP-GaAs interface (i. e., in thin films on GaAs) and only 
relatively sparsely a t  the InP-InP interface, and further, that the predominant 
electrically active donor centers occurring in undoped InP films a r e  related 
to chemical impurities that may o r  may not be uniformly distributed through 
the thickness of the InP film. Since there has also been some evidence of 
possible out-diffusion o r  chemical reaction a t  the intersentinn of GaAs sub- 
strates and the Sic-coated graphite susceptor used a s  the sample pedestal 
in these investigations, no further speculation about the significance of this 
observed correlation will be made until additional data a r e  obtained. 

5. The last  columns in Tables 2-6 and 2-7 l is t  the measured ranges of the In 
contact resistivity on these various undoped n-type InP films. A plot of 
these ranges is given in Figure 2-24. It I s  e,vident that there is a.close 
connection between the contact resistivity produced by In contacts and the 
electron concentration n in the InP film, the contact resistivity varying 
approximately as n-l. 3. 

2.5.4 Properties of Zn-doped P-type InP Filme on GaAs:Cr: Substrates 

Five samples of Zn-doped p-type InP films deposited by MO-CVU on semi- 
insulating GaAs:Cr substrates a t  Rockwell were examined a t  Stanford by Hall-effect 



measurements a s  a function of temperature; results of these measurements a r e  given 
in Table 2-8. Figure 2-25a, b, and c show the temperature dependence of the electrical 
conductivity, the electron concentration, and the electron mobility, respedtively. 
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Figure 2-24. ' Dependence of In Co~itacl ~ e s i s t i v i t y  on Elcctron Conoontration in LTndoped 
N-type InP Films Deposited by MO-CVD on GaAs:Cr and 1nP:Fe Substrates. (See 
Tahles 2-6 and 2-7. ) 

,Tust as for n-t..ype TnP films, i t  aDpears that for the p-type InP films higher ' 

mobilities a r e  found in films on (100)GaAs substrates than on (111A)GaAs substl'ates. 
If the film grown on (111A)GaAs in experiment 87 (Table 2-8) is excepted, it appears 
that increasing hole mobility accompanies decreasing hole concentration over the 
relatively high values of hole concentration found in these films. Sample 87 / (111~)  
exhibits anomalous behavior in terms of the results of the ear l ier  van der Pauw 
measurements a t  Rockwell and six-terminal  all-effect measurelnents a t  Stanford, u 
factor of 25 decrease in the hole concentration appearing between these two 
measurements. No explanation for this difference has yet been found. 

The mobility plots in Figure 2-25c indicate that there is strong impurity 
scattering present in the p-type samples (excepting 87 / (111~) ) ,  as  was found churuu l~r -  
istic of the undoped n-type films on 1nP:E'e substrates. The temperature dependcnce 
of mobility in sample 87/(11lA), on the other hand, i s  more like that observed in some 
of the undoped n-type films on GaAs substrates (cf Figure 2-17c), all  of which had 
lower electron concentrations than did those on InP substrates. 

If the ratios of mobility of sample 87 / (111~)  to that of the highest mobility 
sample of the group (71/(100)) a r e  obtained a t  each temperature, a s  was done for the 



Table 2-8. Electrical Properties of Zn-doped P-type InP Films Grown by MO-CVD 
on Single-crystal GaAs:Cr Substrates 

Experiment 
Seqwnm 
'Numbmr 

71 

' 71t 

*V~IWS obtained by wan dar h u w  measurements st Rockwell. 

ton this mmpk, thr Au/Zn/Au 'eonbets exhibited rectifying chiracteristics end r larger contact resistivity than the normal.ohmic contacts. 

Carrier 
Conantration 

(~3n-J) 

Film 
Thickness 

(Itm) 

1.6 

1.6 

Substrata 

(10Q)Grk 

(10O)GeAs 

77oK 

2 . 1 ~ 1 0 ~ ~  

1 . 0 ~ 1 0 ~ ~  

5 . 5 ~ 1 0 ' ~  

4 . 8 ~ 1 0 ' ~  

3 . 9 ~ 1 0 ' ~  

2.1 

1.1 

1 .O 

Deposition 
Temp. 
(OC) 

65a 

650 

In Contact 

Resi*ivi? (ohm-an 

0.1 5-0.45 

0.5-3.0' 

30-91 

0.24-0.29 

0.25-0.57 

2860K 

1 . 1 ~ 1 0 ~ ~  
(2.5~10183' 

6 . 6 ~ 1 0 ~ ~  

3 . 9 ~ 1 0 ' ~  
[1.0~1017)* 

1 . 6 ~ 1 0 ~ ~  
.(3.3~1018)" 

1 . 9 ~ 1 0 ~ ~  
(2.8~1018)' 

Carrier Mobility 
(cmZ/v-sec) 

622 

641 

656 

770K 

122 

190 

139 

95 

90 

I 

2960K 

68 
(41 1' 

97 

42 
(60)" 

67' 
(33)' 

44 
(24)' 

87 

101 

102 

(111 A)GrAs 

.(111A)GaAs 

(111A)GrAs 



NOTE: Samples 
identified by 
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Figure 2-25. Temperature Dependence of (a) Electrical Conductivity, (b) Hole 
Concentration, and (c) Hole  obil lit^ for Zn-doped P-type InlJ Films Deposited by 
MO-CVD on GaAs:Cr Substrates. (Dashed curves are for sample with slightly non- 
ohmic contacts; see Table 2-8. ) 
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undoped n-type samples on GaAs:Cr substrates (cf Figure 2-18); and plotted as a 
function of temperature the results shown in the upper curve of Figure 2-26 are obtained. 
(Although the mobility for sample 71t/(100) was higher than that of sample. 72/(100)- at 
each temperature, the fact T h a t  the contacls were slightly non-ohmic suggests that it 
not be used for this calculation. ) ';Since impurity scattering dominates in sample 
71/(100) but not in sample 87/(11LA) at low temperatures the ratio is not .constant in 
the low-temperature range, even though behavior like that described by Equation (1) 
is observed at  higher temperatures. 

As a further examination of this point the ratios of measured mobility for sample 
87/(11lA) to mobility of a p-type InP single crystal of hole concentration 3x1016 crne3, 
as  reported by Glicksman and Weiser (Ref 3), are also plotted in Figure 2-26 (lower 
curve). It is  interesting that this produces excellent agreement with the behavior 
predicted by both Equations (1) and (2) throughout the temperature range, with 
E i  = 0.026 eV and R = 0.11: 

P 

Two general observations a re  suggested by these results: 

1. The behavior of the mobility a s  a function of carrier concentration is quite 
similar for both n- and p-type InP films. For small carrier concentrations 
the mobility is dominated by intergrain potential barriers, with barrier 
heights of a few hundredths of an elcctron-volt, whereas for large carrier 
concentrations the mobility i s  dominated by impurity scattering. 

Figure 2-26. Ratio of Mobility for Zh-doped P-type MO-CVD InP Film of S 
87/(11LA) (on GaAs:Cr Substrate) to Mobility of (a) Similar Film of Sample 
and (b) Single Crystal of P-type InP of Hole Concentration 3x1016 cm-3 



The data on n- and p-type InP films suggest that the curve of Figure 2-23 
illustrates a fairly universal behavior that depends primarily on the car r ier  
concentration and only secondarily on the nature of the substrate. That is,  
p-type InP films with high hole concentration deposited on GaAs substrates 
behave similarly to n-type InP films with high electron concentration 
deposited on InP substrates, and p-type InP films with low hole concentration 
deposited on GaAs substrates behave similarly to n-type InP films with low 
electron concentration deposited on GaAs substrates. 

2.5.5 All-thin-film Photovoltaic Heterojunction Solar Cell of C ~ S / I ~ P  

It is a major goal of this contract to prepare and evaluate heterojunction 
photovoltaic so lar  cells made with the InP films deposited by MO-CVD a t  Rockwell. 
Tnitial results with such structures were obtained during the quarter  by the vacuum 
deposition of a film of n-type CdS onto a p-type 'Ln-doped MO-CVD InP layer  thnt had 
heen grown on a semi-insulating GaAs:C r subslrate (from expcrimont 73). The detail .s 
of the cell components and measured properties a r e  summarized in Table 2-9, a s  
measured in natural sunlight (Palo Alto, CA) of 90 mw/cm2 intensity. 

A p-type InP layer  on a semi-insulating substrate i s  clearly not an optimal 
arrangement for  making an  efficient solar cell because of the current collection and 
se r i e s  resistance problems. In order  to test the present films, however, before they 
a r e  produced on more suitable substrates the simple geometry shown in Figure 2-27 
was adopted. This consisted of a stripe of CdS about lmm wide and 5mm long 
deposited centrally along a median of the approximately rectangular I ~ P / G ~ A S  sample, 
with a narrow (-0. lmm) In contact stripe deposited centrally along most of the length of 
the CdS. Parallel to the CdS str ipe and separated from it  by -1. Gmm (center-to-center) 
on ei ther  side were two deposited contacts of A u / z ~ / A u ,  each about O.6mm wide. 

An illuminated i-V curve I s  stiown in Figurc 3-28, A good short-circuit current 
density of 14.2 m ~ / c r n ~  was observed. This value is a t  least two-thirds of that 
reported for single-crystal InP solar  cells, but because of a large reverse saturation 
current  the open-circuit voltage was  only 0.32V. The resulting solar efficiency was 
thesefnrc! a relatively low 2 . 3  percent, a s  indicated in Table 2-9. 

Considering the far-from-optimized parameters  involved in this f i rs t  cell, these 
measured characteristics can be considered a successful demonstration of the utility 
of the MO-CVD method for  the pre.paration of p-type InP layers for solar  cell 
~pplioations. 



Table 2-9. Data for Fi rs t  n - ~ d ~ / p - ~ n ~  Photovoltaic Cell 
Fabricated on Epitaxial InP Grown by. MO-CVD Technique 

p-lnP Layer 

Zn-doped InP deposited on (1001GaAs:Cr substrate (Rockwell experiment 73) 
Growth temperature 6 4 5 ' ~  
Thickness 1 . 5 ~ m  
Resistivity 0.09 ohm-cm 
p = 1.4~1018 cm-3 
p = 51 cm21~-sec 

n-CdS Layer. 

In-doped CdS deposited by vacuum evaporation (at Stanford) 
Substrate temperature 300°c 
CdS source temperature 8 4 0 ' ~  
Deposition time 14 min 
Film thickness 2.2pm 
Resistivity 0.9 ohmcm 
I n  contact evaporation source tempemture 6 6 0 ' ~  

n-CdSlp-lnP Cell Characteristics (illumination in  s u n l i n h t j r f w l c m 2 ~  

voc 
J, 

Fill factor 
Jo 
A (diode eqn) 

'series 
%hunt 
Act~vs area 
Solar power convenion 

efficiency 

= 0.32V 
= 1 4 . 2 m ~ l c m ~  
= 0.44. 
= 2x1 0 - ~ 8 / c m ~  
= 3.9 
= 71 ohms 

= = 0.059 loooohY! cm 

= 2.3 percent 



Figure 2-27. Geometry Used for n - ~ d ~ / p - ~ n ~  All-thin-film 
Heterojunction Photovoltaic Cell 

Figure 2-28. Measured I-V Characteristic for All-thin-film 
n-CdS/p-I~P Hete rojunction Pho tovoltaic Cell under b Natural Sunlight Illumination (90 mw/cm ). 



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

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

Early in the program, based on the conceptual cell design to be used a s  the 
baseline reference for h e  technical activities a s  the contract work progresses, 
estimates will be made of anticipated photovoltaic 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, f rom the 
Contractor's facilities engineers, from materials and equipment vendors, 
and other sources. 

Some preliminary cost estimates for  the materials used in a CdS/1n~ hetero- 
junction solar  cell  were developed during the f i r s t  quarter,  and some permissible 
upper limlts were identified for materials costs, film formation costs,  and cell  a r r a y  
fabrication costs for thin-film polycrystalline InP solar  cells for the 1985 time period, 
based on the corresponding goals of .the Lovw Cost Silicon Solar Array  Project. Although 
a number of factors were neglected in these preliminary considerations, i t  appears that 
the heterojunction configuration proposed for  fabrication by the MO-C VD technique has 
promise of achieving the economic a s  well a s  the technical goals of the national photo- 
voltaic program if the problem of identifying a satisfactory substrate material that can 
be manufactured inexpensively can be solved. 

Relatively little effort was expended on this task during h e  second quarter. 
However, a preliminary conceptual design for a CdS/InP heterojunction photovoltaic 
device to be fabricated by thin-film deposition techniques was developed. It consists of 
a Mo substrate -15 mils (375 pm) thick* on which is deposited by the MO-CVD method 
a double layer of polycrys ta lhe  InP of -5 pm total thickness. The bottom layer of 
p+ InP is  -1 1J.m thick and is heavily doped (>5~1018cm-~)  with Zn (or  Cd) to facilitate 
ohmic contact between the Mu substrnto and the p-type base region of the cell, which 
i s  -4 pm-thick InP doped to -5~1017 cme3 with Zn (or C d) during C VL, grow Ui. A laycr 
of n-type polycrys talline CdS -5 pm thick is deposited (by vacuum deposition methods) 
on the p-type InP MO-CVD layer, to form the p-n he tcrojunc tion a t  the interface. A 
transparent conducting layer is deposited on the CdS layer to provide the front-surface 
(incident-light-side) contact. This generalized front contact layer may be in the form of 
a transparent continuous layer of indium tin oxide (ITO) o r  other s imilar  material, o r  
in the form of a deposited nielal squars-pa t tem contact grid, with a separate anti- 
reflection coa tlng then deposited over the open grid contact. 

*The Mo substrate may be in the form of Mo sheet -375 p m  thick o r  - preferably - a 
deposited layer of Mo a few tenths of micrometers thick on a thicker sublayer of 
another material, such as glass. 



There has been essentially no additional effort expended on this task during the 
third quarter, emphasis being placed entirely on. the other (experimental) parts  of the 
program. During the fourth quarter,  however, the matte? of estimated costs associated 
with fabricating heterojunc tion CdS/InP pho tovol taic cells by MO-C VD and vacuum 
deposition techniques will be re-examined. 



2.7 TASK G. PREPARATION AND DELIVERY OF FILM SAMPLES 

The contract Statement of Work descr ibes  the pequirements of this task a s  
follows: . . 

Within three(3) months from the ince tion of contract,  begin producing f f i lms and supply a minimum of 4 c m  of cu r r en t  production each month 
thereafter to ERDA, the number and shape of the samples to be repre-  
sentative of that month's output. 

A s  indicated in the f i r s t  quarter ly report  (Ref 2). ' the new C VD reac tor  system 
was completed late in the f i r s t  quarter ,  ,and the f i r s t  InP films grown by the MO-C VD 
process  in that reactor  were available just before the end of the f i r s t  quarter .  Accord- 
ingly, selected samples  from those f i r s t  experiments were  de l iveredto  the ERDA ' 

Technical Pro jec t  Officer in January  1977. 

Subsequently, samples  meeting the contract  delivery requirements a s  specified 
above have been delivered to ERDA in each succeeding month. 





3. CONCLUSlOMS AND RECOMMENDATIONS 

Significant additional progress was made during the third quarter on development 
of the MO-CVD process for  growth of InP films. Slight changes in reactor system 
design and in reactor chamber design resulted in a t  least  a lour-fold increasc in film 
growth rate over that previously realized. Preferred deposition conditions were estab- 
lished for producing undoped n-type InP films on both (111A) and (111B) orientations of 
InP substrates; these a r e  the film orientations expected to be used in fabricating 
CdS/InP heterojunction solar cell structures.. P-type Zn-doped InP films were also 
obtained on these InP substrate orientations, a s  well a s  o GaAs substrates; conditions 
for achieving p- type dopant mncentra tions in the range loP6 - 1018 cm-3 were established 
for GaAs substrates. It was also demonstrated that much higher Zn partial pressures 
a r e  required in the gas ambient to produce p-type films on (111B) InP substrates than 
on (111A) InP substrates. It appears that two separate doping curves will have to be 
developed for producing given doping concentrations in films of the two .orients tions. 

Experiments continued on the growth and properties of InP films grown on glasses, 
metals and alloys, and intermediate metal and semiconductor layers. At low growth 
temperatures (below -600'~) needle o r  spike-like growth is  apparent on glass substrates, 
irrespective of composition. Films grown a t  temperatures of 600-625'~ a r e  smoother 
and surface coverage is  better than for films grown a t  higher temperatures, such a s  
675 - 5'00°C. Simultaneous growth of InP on W, Mo, and TZM (a Mo alloy) produced 
films with almost identical structures (at 624*~) ,  indicating there is  no preference for 
substrate, a t  least  for the deposition conditions used. However, there appear to be 
fewer voids a t  the InP-Mo interface than a t  a typical InP-glass interface. Relatively 
fewer voids were also present in films of InP grown on Mo-coated glasses. The surface 
characteristics of these InP deposits appear to be similar to those on Mo sheet and on 
glass substrates for about the same substrate surface temperature. Reflective areas  
in. InP films on annealed Mo substrates were more prominent than in films grown on 
unannealed Mo, suggesting a correlation between grain size in the Mo sheet and in the 
film. The instability of the Mo/glass composite a t  high temperatures, however, limits 
the prospect of enhancing grain growth in Mo films grown on glass by thermal processes. 
Ni-Fe and Kovar substrates provided almost identical bulbous InP overgrow ths a t  
<600°C, and InP film separation from Kovar substrates was evidenced for a growth 
temperature of 650'~; consequently, no further studies with Kovar a r e  planned. En- 
couraging results were obtained for InP films grown on composite substrates consisting 
of Ge films nn Corning Code 0317 glass and GaAs films on this same glass, when 
deposition occurred a t  -700°C, rather than a t  - 6 5 ~ ~ ~ .  

In addition to lhe continued routine evaluation of fllm'properties by van der  Pauw 
measurements some preliminary Au Schottky-barrier device structures have been 
fabricated on the p-type InP films on GaAs substrates, using .@e Au-Zn-Au contact 
technology developed earl ier  in the program a t  Stanford. Short-circuit current  densities 
a s  high a s  12.5 r n ~ / c m ~  were measured in these devices, an encouraging r e su l t  Au 
Scho ttky-barrier devices w6re also fabricated on p- type layers grown on InP substrates 
ao woll an on cnmposite n/p/p+, p/n/n+, and n/pf film structures on InP substrates. 
Anomalous forward I-V eharacteris tics under i l l umh t lon  wete abaervcd in  the latter 
group of devices, believed to be caused by the effects of non-ohmic contacts to the 
p+ InP. Junction struchres 'were also examined briefl but most such devices had f excess leakage currents, even in small areas  ( ~ 0 . 1  cm ). 



Detailed characterization of the electrical transport properties by Hall-effec t 
measurements in both undoped n- type InP films on GaA s:Cr and InP : F e  semi-insula ting 
single-crys tal substrates and Zn-doped p-type InP films on GaAs:Cr substrates was 
continued a t  Stanford. It  was found that for electron concentrations less  than 10'' cm-3 
in the samples evaluated, InP films deposited on GaAs:Cr substrates show a general 
increase in electron mobility with increase in electron concenka tion, a s  small s truc- 
tural potential bar r iers ,  with ba r r i e r  heights up to about 0.05 eV, play a significant 
role in determining the mobili All films deposited on InP: Fe  substrates had electron 
concentrations greater  than 10" cm-3 and exhibited behavior virtually identical to 
that of single crystals  of InP. Electron mobilities a t  7 7 O ~  a s  high a s  10,500 c m 2 / ~ - s e c  
on GaAs: C r  substrates and 16,500 c m Z / ~ - s e c  on InP: F e  substrates were found in this 
study. Several observations on the properties of the InP films prepared by the MO-CVD 
process have been tentatively proposed and discussed, based on correlations of some of 
the experimental data for this limited se t  of samples. 

The f i r s t  he terojunc tion photovoltaic structure involving deposited films of n-type 
CdS and p-type MO-CVD InP was fabricated and characterized, using a special geometry 
required by the non-ideal properties of the layers involved. A good short-cirauit 
ourrent  density of 14.2 r n ~ / c i n ~  was observed in natural sunlight of 90 mw/cm2, but 
the open-circuit voltage was -0.3V hecause of a l a rgc  reverse  salurutlon current. The 
measured power conversion efficiency of this f i r s t  cell  was only 2.3 percent, but the 
result  i s  considered to be a successful demonstration of the applicability of the MO-CVD 
technique for  producing InP films suitable for solar cell use. 

In the coming quarter  i t  will be important to extend the p- type Zn-doping studies 
of InP films grown on InP substrates s o  that the doping concentration i s  readily adjust- 
able and values consis tent with the production of good solar  cells with n- type CdS films 
grown on the p- type (111)-oriented InP films can be achieved. At this stage both (111A)- 
and (111B)-oriented InP substrates a r e  being considered until either the requirements 
of the CdS film growth process being applied a t  Stanford o r  some other factor a r i ses  to 
indicate which orienhtian is best  for coll pcrforrnance. I1 will also be necessary to 
establish conditions for producing p- type polycrys talline InP films on low-cos t sub- 
s trates,  using the parameters  found best for p-type growth on single-crystal substrates. 
It will be helpful to explore further the early stages of g180wlh on selected low-cost sub- 
s tratcs to determine the effect of various experimental parameters  on the nature of 
the fill11 growth process, and to maximize surface coverage - particularly in the early 
stages of film growth - by surface conditioning methods of various kinds. By the end 
of the coming quarter  there should be increased emphasis on the growth of polycrys tal- 
line p- type InP layers on low-cos t substrate materials of various co~lfigura tions. 

Addi tio~ial work is  required on preparation of Scho ttky-barrier devices in both 
simple and composite single-crys tal InP film s t r u c b r e s  (on GaAs a s  well a s  on InP 
substrates).  Further  attention to the contact problem in these devices i s  needed, and 
determination of proper doping levels in the InP layers for best oharezcteris tics of both 
Sck~u llky-barrier devices and p-n junction devices is  required. Since most of thc 
juno tion struc lures Fabricated to date have been leaky, the cause of h a t  problem must 
be investigated and corrected. 



Additional p- type epitaxial films, on both GaA s and InP single-c rys tal substrates, 
will be sent to Stanford f o r  use in preparing he terojunc tion device structures. The 
effort  on vacuum deposition of n- type CdS, occasionally involving single-crys tal InP 
substrates but mainly emphasizing the MO-CVD films prepared a t  Rockwell, should be 
accelerated s o  that a measure of the upper limits of performance that m i ~ h t  be expected 
of the CdS/InP heterojunc tion sys  tem involving polycrys talline films on low-cori-t. sub- 
s t ra tes  can be obtained a t  an early date. In addition, some preliminary investigation 
of the heterojunc tion sys  tem involving indium- tin-oxide (ITO) and InP should be under- 
taken, with single crystals  of InP used initially but epitaxial MO-CVD films employed 
in la kr experiments. 
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The contract work in the coming quarter is expected t o  consist of the following 
principal activities, arranged by task: 

Task A 

1. Determine growth conditions for producing p-type InP films of controlled 
doping concentrations on (111B)-oriented InP:Fe single-crystal substrates.  

2. Prepare p-type InP films in 1016-1017 cm-3 doping range on Zn-doped 
InP substrates for use in photovoltaic cell  fabrication 

3. Conduct experiments to  examine stability of compound formed upon mixing 
TEI and pH3 

4. Prepare  various single-crystal multilayer film structures .of InP for film 
evaluation and device fabrication. 

1. Continue efforts to obtain suitable low-cost substrate materials from 
various manufacturers. 

Task C 

1. Investigate deposition parameters  required for  preparation of p-type doped 
polycrystalline InP films on selected low-cost substrate materials, with 
emphasis on composite substrates involving Mo and Ge intermediate layers 

2. Investigate effects of various substrate surface conditioning procedures 
(polishing, etching, cleaning, etc) on film growth and resulting film pro- 
perties,  using selected low-.cost substrates. 

Task .D  

1. Continue characterization of structural and electrical properties of InP 
deposits prepared in MO-CVD reactor system, using routine FEM, x-ray, 
RED, and metallography methods, a s  well a s  resistivity and Hall-effect 
measurements 

2. Prepare and evaluate Schottky-barrier devices on epitaxial p-type InP films 

3. Prepare and evaluate p-n junction solar  cel l  s tructures in  epitaxial InP 
fllrile ou various subetrates 

4. Investigate properties of schottky barr iers 'on  polycrystalline InP films 
grown on selected low-cost substrates. 



Task E (Stanford subcontract) 

1. Continue investigation of temperature dependence of electrical and 
optelectrical properties of doped and undoped epitaxial InP films prepared 
in Rockwell CVD reactor  system 

2. Prepare heterojunction c ~ s / I ~ P  structures 011 p-type InP films prepared 
by Rockwell and on single-crystal p-type InP wafers, and evaluate photo- 
voltaic properties of these structures 

3. Investigate photovoltaic properties of I T O / I ~ P  heterojunction system, 
initially with single-crystals of lnP and later  with MO-CVD InP films. 

'l'ask I;' 
- -- 

1. Prepare estimates of current costs of producing (on laboratory scale) 
CdY/lnlJ heterojunction device structures of design now being used, 
allowing for efficiency of deposition processes. 

Task' G 

1. Prepare and deliver representative samples of InP films to ERDA, a s  
required by contract. 
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(To be included only in printed copies sent directly to ERDA 
Technical Project Officer and ERDA Contracting Officer and 
in printed copies used for Rockwell internal distribution). 

During the third quarter of this contract - from April 3, 1977, through July 2, 
1977 - a total of 1549 engineering and support manhours and a total of $53,793 in 
funding (excluding fees and commi trnents) were expended a t  Rockwell. These figures 
do not include the subcontract effort  a t  Stanford University. 

The projection of expenditure of manpower (engineering and support manhours) 
a t  Rockwell and of contract funds a t  Rockwell and a t  Stanford (subcontract) for the 
next three months, exclusive' of fees, is a s  follows: 

July 1977 420 manhours (Rockwell) $19,500 (total) 

August 1977 305 manhours (Rockwell) $19,600 (total) 

September 1977 25 0 manhours (Rockwell) $10,800 (total) 

. 
*U .S. GOVERNMENT PRINTING OFFICE, '1 978-740-306/44,1 5. Region 4.. 




