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-                                           PREFACE

This Quarterly Report, prepared by the Institute of Energy

Conversion of the University of Delaware, Newark, Delaware, describes

work performed from July 1, 1978  to September 1, 1978.

This work was performed and the report written by A. Catalano,

J. Cambridge, W. Devaney, L. Dinerra, V. Dal Luit, F. Gribbin, J. V. Masi,

J. D. Meakin, H. Wardell and N. Convers Wyeth.
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I.  Summary

During this quarter device related work has been directed

toward the development 6f effective single and double layer antireflec-

tion coatings for Zn3p2.  The reflectivity of bare Zn3p2 as well as

SiO, Ta205'  MgF2/ZnS and Si02/ZnS coated samples have been measured.

Reflection losses have been reduced to 5-6% with double layer Ar coatings.

The experimental reflectivity integrated over the photon flux distribution

2                                           2
yields a maximum J = 26.5 ma/cm  for AM1.5 insolation (83.2 mW/cm ).SC

Theoretical modeling of the Schottky barrier grid.device was

begun in order to establish the relationship between collection efficiency,
g..

device geometry and minority carrier diffusion length.  A new device

geometry has been designed in which grid line separation is varied in

order to accomplish high collection efficiency with material of variable

diffusion length.

The study of the barrier height of metal/Zn3p2 junctions has

been completed.  Barrier height is particularly sensitive to surface

damage such as that incurred during glow discharge cleaning.  Even gold

and silver which normally make ohmic contact yield diodes after such

treatment.  Furthermore the value of the barrier height obtained depends

on the length of the glow discharge treatment.

Thin polycrystalline films are now entering the device develop-

ment stage.  Chemical polishing of the surface of thin films with

bromine-methanol·yields surfaces suitable for photolithography.  Devices

however have extremely high series resistance due to the high sheet
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resistance of the film. A multilayer substrate has been developed which

is promisng. It consists of mica which acts as a mech
anical support and

has the proper coefficient of expansion,
 a thin film of iron or silver

which makes for low sheet resistance and a carbon film cover which makes

ohmic contact to Zn.P2 and effectively acts as an diffusion barrier.
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II. Device Studies

A.  Introduction

During this quarter, device related research has been concerned

with 1) the development of Schottky barrier grid devices, 2) heterojunction

devices and 3)  polycrystalline thin film devices.  The heterojunction device

development  project  is a new task which  has been added  with the start  o f

work under the new contract.

B.  Antireflection Coatings for Bare ZnTP2

A series of antireflection coatings have been developed for

Zn3P2·  Several of the standard antireflection (AR) coatings used on other
G.

high index of refraction semiconductors have been found to give satisfactory

(  1 reflection suppression  on  the bare Zn3P 2· These  will  now. be described.

Sio

The simplest AR coating used on the Zn3P2 was a single layer of ther-

mally evaporated SiO.  The layer functions as a matching layer of intermediate
J                                                           0

index of refraction between air and Zn3P2.  When.a layer = 700 A thick is used,

it also creates an interference minimum in reflection near  the peak of the

solar spectrum.

The SiO was thermally evaporated in vacuum from a baffled boat source

(Mathis SO series) onto unheated samples.  Bulk sample temperature is estimated

to reach 40'C maximum during the evaporation.  Deposition rate was = 7 A/sec

at a source to sample distance of 28 cm.  Thicknesses quoted are measured on a

quartz crystal thickness monitor and are reproducible within t 5%.
-»
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The deposited layers. appear to be close.to Si203 in

composition. Ellipsometric meahurements of the index of refraction

on control samples gives n = 1.65' + .04. Layers closer to pure SiO

could be deposited and.had higher indices, but were absorbing.  n = 1.7

is therefore a practical upper limit for SiO as an antireflection coating.

For an· optimutu index matching layer· between air (n = 1.0)

and Zn3P2 Cn = 3.6 to 3.8) n = 1.9 - 2.0 is required.  The-SiO at 1.65

is therefore not ideal.  Computer modeling of the antireflection layers

shows, however, that the effect of the difference between the ideal and

achieved n is an overall. increase in reflection of only 2-3%. Although the single

layer minimum is sharp, the overally penalty in the case of the wideband
el

AR is not severe and SiO is nevertheless very effective. The performance

of the single layer SiO, n = 1.65, on Zn3P2 is shown in Figure 1 and will           .

be discussed further below. The SiO has been used on the 6.08% efficient.

Zn3P2 grid devices which were described in the last quarterly report.

Ta 025

In order to improve on the single layer SiO AR,  tantalum pentoxide

Ta205, was investigated.  As with the SiO, the index of refraction of Ta205
-'.

is adjustable and the layers deposited are actually a suboxide.  Non-absorbing

layers with n = 1.95 - 2.0 were deposited, giving an optimum match to the

ZnjP2.  The index of refraction of Zn3P2 is changing rapidly in the wavelength

region from 400 nm to 850 nm, so the optimal index match depends somewhat on

the position of the interference minimum.

The deposition method for the Ta205 is more complex than that for (.-'
L.1

the SiO.  Reactive evaporation in an oxygen partial pressure was used.  No
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deliberate substrate heating was employed.  The Ta205 starting material

was evaporated from an electron beam heated evaporation source at

4 .A/sec.  The reflection vs. wavelength for Ta205 coated Zn3P2 is shown

in Figure 2.  As expected, the better index match resulted in an

interference minimum nearer zero, in this case below 1/2%.  We there-

fore judge Ta205 to be a superior AR coating for Zn3P2. The quantitative

improvement to be expected is analyzed further below.

ZnS/MgF2 Double Layer AR on ZnjP2

The Ta205 AR described above should give adequate per-

6
formance for most purposes.  The major deficiency of such a single

layer AR is the narrow bandwidth of the interference minimum.  This               (-
-

1

minimum can be widened by using two layer AR structures.

A double layer coating consisting of ZnS (n= 2.3 -

2.35) and MgF2 (n = 1.38) was also employed on Zn3P2.  Both were

thermally evaporated from open boats.  Index of refraction was measured

on control samples using an ellipsometer.  As for the other materials,

a quartz crystal monitor was used to measure thickness. Precision was

limited to + 10%.

The wavelength dependence of the reflection for ZnS/MgF2

on Zn3F2 is shown in Fig. 3.  ZnS has too low an index to give a proper

match to Zn3F2 in the two layer structure and the minima, therefore, do

not go to zero.  However, a suitable higher index material is not

presently available.  As expected, performance is better than the

single layer coatings (see Table 1) due to the wider minima.  ZnS with           <
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efficiency obtained in those experiments was 6.08% based on total

area and 7.6% based on active area. The variation of AM1 current densities

observed was interpreted to mean that sample to sample differences in

inority carrier diffusion lengths were occuring.

During this quarter, work has begun toward the develop-

ment of a theoretical model for the dependence of collected current on

diffusion length and surface recombination. Such an understanding is

useful so·that an upper limit to the efficiency of this design may be

determined.  Perhaps more significantly however, this design which has

already been shown to yield devices of acceptable efficiency, may be

employed as an analytical tool for characterizing the diffusion length

6
in crystals and films.

(_...:                      In order to provide the optimum line separation (and hence

high collection efficiency) for a material with unspecified diffusion

length, a new photolithography mask has been designed.  Fig. 4 presents

-3   2
a schematic diagram  of  the  mask. It consists of seven  2.5  x 10 cm

devices with line separations ranging from 4 to 16 um in 2 W m  steps.

Line width is fixed at 2w m.  The transmission of the grid structures

reanges from 64% to 86%.  Seven rows of seven devices insure sampling

of the entire wafer. Presentation of the theory for the collection

efficiency of this device  geometry and supporting data will be given

in the next quarterly report.

I.-«
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III. Barrier Height Measurements

In the previous quarterly report an empirical correlation was

shown between observed barrier height and the heat of reaction per metal

atom for the reaction of the metal with the semiconductor to form the

metal phosphide.  Guided by this correlation several other metals have

been evaporated onto single crystal Zn3P2 and the character of the

resulting contacts investigated using I-V and IPE measurements.  The

effects of a glow discharge pre-treatment of the Zn3P2 surface were also

examined.

The current work began with attempts to reproduce the results

for chromium and iron contacts on Zn3P2 by preparing new devices.  However
.r

no rectification was observed in the I-V'curves of contacts made be eva-

(             porating the metals directly onto the crystal surface.  Because of concern

over possible contamination of the Zn3P2 surface, the iron evaporations were

repeated using a glow discharge pre-treatment (10 minutes at 250 um argon).

This produced diode contacts with an average IPE barrier height, 08 = 0.48 eV

(3 samples), in good agreement with the previous log I-V data for iron.  A

diode contact for zinc on Zn3P2 Nas also obtained using the glow discharge

pre-treatment, with 08 = 0·76 eV.  This data point fit the empirical correlation

well and was shown in the previous quarterly .

Further contacts made with titanium, nickel, and manganese using

the glow discharge procedure also showed diode behavior, but had confusing

IPE spectra which indicated that the glow discharge treatment was possibly

not yielding a simple metal-semiconductor junction.  The titanium and nickel

IPE curves did not give obvious extrapolations to a barrier height, while the

manganese sample showed a reversal of the output current for wavelengths below
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the Zn3P2 band edge.  More experiments with zinc showed that the measured

barrier height increased monotonically with glow discharge duration (Figure 5)' .

Capacitance measurements showed that the contact with the longest glow dis-

charge time had the lowest capacitance.  Further proof of the disruptive

effect of the glow discharge came in experiments with gold and copper.  Both

metals gave ohmic contacts when evaporated without pre-treatment of the ZnjP2

surface and produced weak diodes with glow discharge, the copper contact

exhibiting a current reversal similar to the manganese result.  It was con-

cluded that further meaningful investigation of metal/Zn3P2 barrier heights

would require procedures (e.g. cleaving  in high vacuum) beyond the scope  of

.the oresent work.

The remaining conclusions for metals evaporated directly onto Zn3P2

are:  ohmic contacts for Cu, Au, Ag; diodes with 08 ='0·8 eV for Be, Mg; Al;

possible "transition" diodes with 08 = 0.4-0.5 eV for Fe, Cr.  The apparent

upper limit for $B for metal contacts on Zn3P2 remains at 0.8 - 0.9 eV; note

that this maximum is consistent with data from the literature on maximum metal

Schottky $B observed versus semiconductor bandgap (Figure 6) .

4
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IV.  Thin Zn3P2 Film Development

To date thin Zn3P2 films have been prepared by physical vapor

deposition and close space vap r transport. The latter method  has

proved superior, yielding large grained (3-10 um), highly oriented poly-

crystalline films whose electrical resistivity is that of bulk crystals

prepared under the same conditions.

Our strategy has been to develop Schottky barrier devices which

will provide significant efficiencies while at the same time serve as

an analytical tool for the probing of both material and junction.properties.

During this quarter we have successfully addressed two aspects of

device development.  1) the preparation of a smooth surface, suitable for

this 2 um resolution necessary for SBGD preparation and   2) the development
(

of a high temperature non-reactive ohmic contact.

The surface of polycrystalline thin (4 10 um) films have a surface

which varies at least + 2 um about the mean. This is a result of the low

Miller indices crystallite faces which make some angle to the plane-of tlie

sample. Smooth surfaces have been prepared by chemical

polishing in a solution of 0. 25% to 2% Bromine in Methanol. Immersion of the

film in the quiescent solution for times less than 15 minutes results in

specular film.  Fairly uniform, visible transmitting films have also been

prepared so that this method may also be used for preparing optical and

TEM specimens.

SBGD devices have been fabricated on Zn3P2 films deposited on

mica and polished as described above.  Unfortunately, the thickness of the
I.

film (10 Um) and resistivity (# 200 Q-cm) yield a sheet resistance too large.

for a practical device.  In fact the lumped series resistance of such devices
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32
with an annular ohmic contact is 2.5 x 10 R-cm .

A suitable back contact was sought which would meet the

following requirements; 1) make ohmic contact to Zn3P2' 2) be unreactive

in Zn and P4 vapor at the 500-600'C deposition temperature, and, 3) be

mechanically stable.  Carbon meets the first two requirements and uniform

_films   5-10 Um grain  size have grown on carbon substrates. However,   the   low

expansion coefficient   (10 x 10-6°C-1) of isotropic graphite compare d to -Zn3P2

results in cracking of the film during cooling. Thin films of carbon have

been deposited on mica by arc and electron beam evaporation, but above

[2 ]
- lAm thickness, the high intrinsic stress makes the film mechanically

unstable .  Below 1 Am films are frequently stable, but the' sheet resis-

:

tance is too high to yield workable devicSs.

We have therefore prepared multiple layer, thin film sub-

strates consisting of a thin film of-arc or electron beam deposited carbon

0

200-1000 A thick deposited onto a film of either iron or silver of the

same  thickness.     Mica   (d  >   13 #m) which  has   the same expansion coefficient

as ZnJP2 provides mechanical support.

Films of Zn3P2 with grain size 3-10  um thick have been

grown on such substrates by close spaced transport.  At a substrate

temperature of 575'C a reaction between carbon and iron films occur

within the time scale of the film growth i.e, 10 minutes.  In order to
0

evaluate the carrier concentration  of the resulting material ,2,000 A thick

1 mm diameter magnesium contacts were evaporated and the 1 mhz  zero

bias capacitance measured.  Carrier concentration, Np  was calculated

assuming a diffusion voltage of 0.7 volts. Table II summarizes th
e

results for various thickness carbon films.  Good agreement is found with
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Table II

3Substrate Capacitance, pf Np cm- Np cm-3, cal'd

202AC/506lfe 100 1.39 x 1015 2.28 x 1015

15
433AC/56OAFe              90               1.13 x 1015 2.28 x 10

0
606AC/560AFe 105 1.53 x 1015 2.28 x 1015

0

1000 C/56OAFe             29               1.16 x 1014 2.28 x 1015

:.*.



from the back contact for carbon thicknesses below 1000 A. At 1000 A

0                                           22
.    I.

N  calculated from the expression relating carrier concentration to
P

temperature and pressure. Since previous experiements have shown that iron

doping results in a high resistivity film presumably by compensation of acceptor

states, the present results suggest that no significant doping occurs
0                   0

the indicated carrier concentration is lower than theory predicts and

0

doping may occur.  Coincidentally at 1000 A the intrinsic stress in the

carbon film exceeds the tensile strength and mechanical failure occurs.

t
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