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PURPOSE

The purpose of this research program is to investigate tﬁe
photoelectronic prqperties éf zinc phosphide (Zn3P2)~in single
crystai form, in thin-film form, and in heterojunctions in which -
Zn3P2 forms one of the élements. This research will be directed
toward understanding the role of crystalline defects and impurities
in Zn3P2, the nature of the electronic chargg transport in single .
Vcrystal and thin—film material; and the properties of photovoltaic
heterpjurictions inﬁolving Zn3P2. The scope of the program extends
from basic investigations of materials properties on single
‘crystals to the preparation and characterization panll—thin—film
heterojunction devices..

One of the principal motivations behind this research program
is the realization that Zn3P2.is a relatively uninvestigated yet
ideal component for photovoltaic heterojunction use in solar energy
conversion. The proposed pfogram will concentrate on the bais
mate;ials problems involvedAwith Zn3P2,'providing'the kind of
information needed for other more developmental programs dirgcted

toward actual practical cells.



ABSTRACT

An increase in crystél_growtﬁ rate for Zn3P2 was achiévgd by a.
vacuum baking step before crystal growth designed tq reduce the pressure
of excess gases in the ampoule. An anaiysis of the probleﬁ indicates
that results are consistent with expectations. . Samples ﬁave been
_'submitted to SERI for massvspectroscppic evaluation and SIMS analysis.

Construction of suitable equilibrium defect distribution diagrams
for Zn3P2 was initiatéd. Typical diagrams with Fheir interpretation
will be inclﬁded in the hext'report.

Good_rectifying'diodes were prepared by vacuum evaporation of
Mg onto etched Surfaces of Zn3P2. »A barrier height of 0.75 eV was
measured from C-V data in good'agreemeﬁt with the published value of
- 0.80 evV. If the Zn3P2 surface was given a heat treatment in oxygen
ibefore'Mg evaporation, the Mg made an ohmic contact indistinguishable
from the normal'dhmic Ag contact to Zn3P2» "If the Zn3P2 surface was
given a heat treatment in hydrogen before Mg evaporation, good diode
characteristics were observed, Qith‘strong forward current saturation
labove 1V.

The resistivity of Zn3P2 films depésited by éSVT in Ar is
VlSOO ohm-cm béfore lagér annealing and 1200 ohm-cm after laser annealing.
Laser annealing apparently produces a preferred orientation of these
films.

Microprobe analyses of the filmc depocited by CSVT and vacuum
evaporation indicate that these films are almost always Zn-rich with
an average 69 atomic % Zn and 31 atomic % P. Films deposited by
vacuum evaporation, on the other hand, are strongly P-rich. Variations

in stoichiometry with position on a single film are alsoc observed.



T. MATERIAL PREPARATION

The procedures described in PR #2 have now become routine for the
- preparation of Zn3P2, as well as for its purification. These processes
are able to provide good quality materials for the purposes of this

project.

II. CRYSTAL GROWTH
In PR #2 we mentioned that high initial nucleation rate -and slow

transport are problems for controlling good single crystal groﬁth in

the closed-tube horizontal vapor transport method. This method, however,

was shown capable of providing low-resistivity as-grown material. In
view of its advantéges, we have investigated increasing the grbwth |
rate by»eiiminating fesidual gases inside the ampoule, and we have also
1ooked at the'thermodynamiés iﬁvolved in the residual gaé problem.

Crystal gro@th procedures follow those described in Figure 3 §f
PR #2. 1In order to get rid of excess gases, an additional step was
inﬁroduéed, The growth ampoule was placed into a clean quartz tube
‘;nd was baCuﬁm baked at 1000°C for 4 hr after cleaning and coating.
Immediately after céoling, the ampoule was loaded with Zn3Pé source
material and was again &acuum baked at 500°C for 2 hr before sealing.
All other parameters were kept the same as described in Figure 3 of
PR #2. The purposé of the baking step is to stabilize the carbon
'coating and hopefully to.reducé the background gases.

A growth run made with this additional baking step‘did show some
interesting feSults.‘ The genefal growth pattern was not éhénged:
high initial nucleation, slowing of the growth rate with time, and
requirement of a low source temperature for the first stége of the
growth. The difference was that the soufce temperature had to be

reduced to 790°C, rather than the value of 830°C previously used,



in order to keep the growth rate at an average value of 0.45 to 0.55 mm/hr.
If a highef'source temperature were used, the transporﬁ would have been too
rapid to allow formation of a single nucleus. This run was also the
first time that ail‘the source material was transported to the crystal
growth in a 1 week growth period. These results ipdicate some effect
of the background gases on the cryétal growth; this effect can be
reduced by more careful preparation and lo;dingf

Abernathey et al.l proposed a simple model in which the groch
velocity is inverselj proportional to the difference of the total pressure
and the partial pressure of the growth species in the ampoule.l Variations.
in this difference were'found capable of changing thevgrowthvrate by up to
ianAorder of magnitude. This result seems coﬁsistent Qith our investiéation
of the residual gas problem. According to this model, even non—étoichiometry
will tend to decrgase the growth rate, becaqse (unlike the effusion hoie
method, which fixes the ratio of the zinc partial pressure to the phosbhorﬁs
partial pressure at a Valpe of 4.36 kineticailyz) the ratio of-zinc to
phosphorus partial pressure can increase {zinc rich) or decrease .
(phosphorus rich) continuously in the closed tube method in such a way as
to slow down the growth réte with time.

Another phenomenonAthat has been noticed is that the distance betweeh
. the source and the crystél (one important parameter'éffecting the transport}
becomes larger with time, because the crystal is more compact tha® the
source material. This probably also contributes to the reduction in growth
' rate with time.
To evaluate the problem of résidual gases, consider the following

reaction involved in the decomposition of Si02:

810y(gy + 2CO(y > Sl ¥ 2c02(g) (1)

 The standard free energy of reactioﬁ at 900°C is AGO(9OOOC) = 76.9 kcal/mole



with a»fatio of CO partial pressure to co, partial pressure of 1.46 x 107
‘at equilibrium. These déta can be taken directly from the Ellingham
diagram; othef quantitieé such as the voluﬁe of the ampoule, thé‘total
6xygen pressure (about 1/5_6f the tétal pressure seaied inside the
aﬁpbule), and the growth temperéture are known. If these daté'are applied
to the law of mass action from Eq. (i), the i&eal gas 1aw; the mass balance
equation of oxygen and Daiton's law of partial pressures, one can

éaléulate the amount of Si deposited in the system. Unfortunately, the

" results of the calcuiation depend upon the initial amount of.CO and CO2
present in the ampoule; which is not known because the amount of CO and COZ'
introduced by sealing is notAknown. In extreme cases,. there can be aboﬁt
20 torr of Si partial pressure for large initial aqunts of CO, and there
can Be negligibly small Si partial pressure for small inifial.amounts‘ofACOf"
If one expects that thé vacuum baking step stabilizes the carbon coating

and hence reduces the initial amount of CO or CO,, one might expect

22
less background gases with the vacuum baking step, and therefore a
faster growﬁh rate as observed.

Lorimor et al.3 reported that unintentional doping of Si into GaP

can be as large as 1018 cm“3 using an LPE method with a quartz tube,

fullowing this reaction:

H.O + Si0 (2)

H 2 (vitreous) > 27(g)

+ Si0
2(g) *

Vacuum baking, which is also expected to reduce the amount of water in
the system, may eliminate also other possible sources for the background
gases.

We have not yet evaluated the electrical conductivity.of the crystal
grown in this way. It will be of great interest toAsee whefher possiblé
“reduction in Si-doping during growth has affected the electriéal conductivity

as well as the growth rate. We have submitted samples to SERI for mass



spectroscopic evaluation.

III. EQUILIBRIUM DEFECT DISTRIBUTION

Using the available data and the proposed interstitial phosphorus
acceptor model,a it is possible to calculate the equilibrium-defect

distribution in Zn3P2 as a function of zinc or phosphorus pressure for-

various temperatures. Such a diagram can also be calculated>to include
doping effects by donors and acceptors. These diagrams are useful for
bractical considerations of modifying the electrical properties, and

of detérmining the pressure range within which a stable phase is
maintained. Since one piece of data is missing: the standard free'energy
of formation of the metal-rich defect §pecies, the evaluation has to

be careful and general. We expect to provide some typical diagraﬁs

with their interpretation in the next progress report.

IV. Mg/Zn3P JUNCTIONS

Mg/Zn P2 junctions have been prepared by the vacuum evaporation of

3

a thick layer of Mg onto Zn single crystals to evaluate the electrical

3F2
properties of these junctions. A Ag layer was evaporéted over the Mg
to prevent oxidation, and qhmic contacts ;o-the Zn3P2 were made with Ag.
Almost all as-prepared junctions éhow good rectification. C-V
measurements indicate a hole density of 5 x 1016Acm_3, a value that is
consistent with our measurements of a resistivify of less than 50 ohm-cm,
if we use the reported hole mobility of 20 to 40 cmZ/V—sec. Thé Cc-v
measurements also indicate an iﬁsulating layer about 150A thick for some
junctions; this is expected since the Mg was in contact with air during
loading, and can presumably be eliminated by more careful procedures and
our better vacuum station. A barrier height of about 0.75 eV measured
’ 5

" with these junctions is consistent with the reported value of 0.8 ev.

The effect of different surface treatments of the Zn3P2 before de-



" positing the Mg was investigated. Three surface treatments were used:
(1) as—etched, (2) et;hed‘plus 5 min hydrogen heat treatment at‘420°C, o
and (3) etched plus 5 min oxygen heat treatment at 575°C. For the
oxygen heat treated.surface; the Mg becomes an ohmic contact and all
diode propefties are lost. For the hydrogen heat‘treated Surfacé,

good rectification properties aré obtained, but_the forﬁard current
undergoes radical saturation above about 1 V. :The extrapolated diode
behavior exhibits potentially very good Jsc and Voc if retained under

illumination in a suitable cell. Several samples with different

heat treatment were sent to SERI for SIMS analysis.

P
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V. CLOSE-SPACED VAPOR TRANSPORT FILMS OF Zn 2

Films of Zn3P2'were deposited by CSVT on émorphous Si,N, (ldOOA
thick) coated on Si. The following resulté were obtained‘from a |
series of preparations and laser annealings:'

(2) If the films are more than 100 um thick, they peel off
easily upon laser annealing. | | |

"(b) The resistivity of the films before énd after laser annealing -
were approximétely 1500 ohm-cm and 1200 ohm-cm respectively. Micrographs
of the crossrsection of the films beofre and after laser anneéiing are
shown in~Figures l.and 2.

(c) Spectral response of'photéconductivity was measured for a
CSVT film about 30 um thick. The current was incfeaéed by about 50%
maxiﬁum under monochromator illumination, showing a sharp maximum at
7000A. Taking the maximum photoconductivity to correspond to an
absorption constant equal to the reciprocal of the film thickness,

1

indicates an absorption constant of 333 cm . at 7000A; the absorption

curve of Figure 10 in PR #2 on an evaporated Zn,P, film would predict

3

an absorption constant about two orders of magnitude larger for 7000A



Figure la. Electron micrograph of the cross
section of Zn3P2 film grown on SiBN4 on Si.

loo/um

Figure 1b. Electron microgaph of the cross section
of Zn3P2 film grown on Si3N4 on: Si.



LJ-SO/tAm

Figure 2a. Electron micrograph of the cross section
of a Zn, P, film grown on Si3N4 on Si, after laser
annealing,
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Figure 2b. Electron micrograph of the cross section
of a Zn3P2 film grown on Si3N4 on Si, after laser
annealing.,



(however, the comﬁdsition of the evaporated f£ilm is in serious question as
_indicated below, the composition of the CSVT film»is cleser but not exact,
and the thickness of the CSVT film is not exact). |

(d) X—ray'diffraction was used to examine the films, both in powder
form and on the substrate. The powder ffom the tﬁin films beforelend
aftef laser annealing show the same diffractionApattern. But X-ray
diffractioﬂ on the films themselves shows differences before and after
laser‘annealing; the as-grown films show diffraction peaks for all the
planes, but the difffaetion pettern of the film after laser annealing
shows peaks that correspond to the following set of diffraction planes:

(220,004), (224,400), éﬁd (0085. Evidently,}therefore, the ZngP, films
show preferred orientation after laser annealing.:

‘(e¢) Microprobe analyses were made on the cfystal, films ggown by

CSVT from a crystal source, films grown by CSVT from a powder source,
and films after iaser annealing in air, argon and forming gas. The
‘results are shown in Tabie I. -They indicate serious questions es fo the
compoeition of the films deposited in this way. OnlyAthe films deposited
from a single crystal source appear to have the proper composition.
'Thelreiative proportions of Zn and P do not change appreciabiy upen
laser annealing. »AAfiim of zinc phosphide deposited by vacuum evaporatioﬁ
previousiy was aleo microprobed; major deviations from Zn3P2 are indicated
with etdichiometry varying across the surface. '

Other ﬁicroprobe analyses shown in Teble I qu CSVT-deposited films

show thal stuichiometry devialions across the film length are also a

problem.
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TABLE I

Microprobe Analyses on Zn3P2 Films
Sample ‘Description  Atomic % Zn . Atomic % P
A0 Single crystal : 61 -39
Al Thin film grown by ‘ A o
CSVT from powder 72 28
A2 . , Thin film grown by .
' CSVT from crystal 61 T 39
A3 Thin film grown by '
CSVT from powder; .
_ laser annealed in Ar 76 24
A4 - Thin f£ilm grown by
CSVT from powder;
laser annedled in . :
forming gas ' 62 , 38
. A5 Thin film grown by
CSVT from powder;
laser annealed in air 72 28
A6 4 Thin film grown by '
CSVT from powder. . _ o
Laser annealed in Ar. 74 : 26
Laser annealed in . '
forming gas. 68 ' 32
Laser annealed in air. 64 . : 36
A7 . Thin film grown by ‘
vacuum evaporation . :
Area (1) - 54 : - 46
Area (2) . , - 34 . 66
Area (3) 23 77
Area (&) : : 27 - - 73
BO Thin film grown by '
CSVT from crystal . o .
Area (1) 76 24
Area (2) .99 ‘ 1
Bl Thin film grown by ' '
CSVT from powder.
Area (1) unannealed 68 ‘ . 32
Area (2) unannealed 74 ’ 26
. Area (3) laser annealed
" in air- 69 31
B2 - - Thin film grown by -
o CSVT from powder.
Area (1) unannealed 71 : . 29
Area (2) unannealed ‘ 78 ‘ 22

Area (3) laser annealed ,
in Ar- A 67 33



TABLE I - Continued

Sample

Description

Atomic Z Zn

Atomic % P

B3

Thin film grown- by
CSVT from powder

Area (1) unannealed 69 31
Area (2) laser annealed
in forming gas ' 65 35
69 + 4 231 + 4 -

Average of all CSVT Films
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