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PURPOSE

The purpose of this research program is to investigate the

photoelectronic pfoperties of zinc phosphide (Zn3P2) in single

'fcrystal form, in thin-film form, and in'hgterojunctions in which
Zn3P2.f§rms one of the eléments. This reséarch will be di?ected
toward understandingAthé role ofAcrystalline aefects'and iﬁpurities
in Zn3P2, the nature qf the electronic charge tranéport in éinéle‘
crystal and thin-film material, and the properties oprhotovdlﬁaic
hetefojunctiéns involvingAZn3PZ. The scope of the program extends
from basic invesfigations of'ﬁaterials propertieé‘on single
crystais to the prépafafion and characterization of allfthin—fiim.
heterojunction devices. |

One of the‘prinéipal 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 proposead program will concentrate on»the basic

materials problems involved with Zn providing the kind of

3F2
information needed for other more developmental programs directed

toward actual practical cells,



ABSTRACT

The closed tube horizontal growth metﬁod has been pﬁrsued for
‘the growtﬁ of sing}e crystals of Zn3P2. The rate of material transport -
was increased by incfeasing the temperatﬁre diffefence between source
and growth regions and by decreasing the distance ipvolved. A boule
witﬁ only 2 grains in a 12 mm diameter has been obtained.

The as—grown'resistivity of this single crystal Zn3P2 was
50 ohm—cm; which was reduced to 10 ohm—ém by subsequent anneaiing in
hfdrdgen ét‘4lO°C.

Initial an/Zn3P2 (CVD deposition of Zan and CdS/Zn3P2
(CdS by vacuum evapcration) heterostrﬁctures were fabriéaﬁed uéing
small sampies of single crystal Zn3P2 sent from Tony Cétalano at
Delaware. Not surprisingly, only small photoresppnse was obtaiped
witk these totally sxperimental célls.

Zn,P films d;posited on glass b&,CSVT were shown to-be'amofphous
whereas thbse depoéiied:on single cryétal CdS ‘were polycrystalline.
Indeed several samples showedbappreciable large-grain coiumﬁar“-
growth at an angle to the substrate plane. Laéer annealing was
_shown to have dramatic effgcts in crystallizing Zn3P2 films deposited
on Si3N4 film substrates on single crystal Si.

Thin films of Zn3P2 were debosited on glass substrates by ‘

vacuum evaporation. As-deposited film resistivities fell in the

range of 106 - 108

ohm-cm; an apparently temporary decrease in
resistivity by factors up to 50 could be obtained by annealing in
hydrogen. ©Optical transmission and reflection spectra, as well as

photoconductivity spectral response spectra were measured on a

number of these films.



1. MATERIAL PREPARATION

The materials synthesis procedure outlined in Progress Report
No. 1 has become roﬁtine'with a slightly modified temperature profile.
The temperature of tﬁe Zn end of the tube is still 850°C, but the'

_temperature of the P end has been increased to about 325°C for more
complete reacfion. The process is illusfrated in Figure 1.

THe temperature profile:for the purification process_hés also
been slightly modified by raising the source-tempgrature to 900°C to
increase the rafe‘ The purified material coﬁdenses below 756°C at
aboht 3%" away from the source. This process is illustrated in

Figure 2.

‘2. CRYSTAL GROWTH

In Progress Report No. 1 wé described difficulties in crystal
'growthassociated with slow transporf and too high initial nﬁclé;tion.
We ﬁave“cohcentrated on these problems during the present quarter.
The ciosed tube hérizcntal growth method is still the primary method
under investigation in spite of the fact that élow transport and
rapid nucleatioh seem intrinsic to this method, because'bf other
advantages-that will be discusséd. |

The growth apparatus is pictured in Figure 3. The source
temperature is éhOSen to be 830°C to reduce the driving force for
easy nucleation, after hany observétions using our transparent furnace,
A limited number of nuclei form, but the one at the:ampoule tip is
always thé largest becausg tHe driving force is largest at the tip.
A single clean-up step in which the temperature is increased:briefly
cén.eésily remove the undesired nuclei, leaving only the large one at

the tip to serve as the seed for later growth. Using a seed from the
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beginning is another alternative that we may utiiize'in the future in
alternative growth systems;

Two major modificatiqns have been made to incréase the rate of
material transport. The temperature difference between theAsource reéion
and.the crystal region has been increased to 150°C, and the léngth‘éf
the émpoule hés been decreased to 4", while keeping the pulling velocity
a growth variable. FSeveral processes for purification_Were investigaﬁed,A
not only for the purposé,of purification, but also to serve to provideA
data that would enablé:us to sélect the appropriéte temperature profile
* for crystal growth. Usiﬁg the‘temperature profiie of Figu;é 2, about.

'15 g of Zn3P2 could be purified in less than oﬁe day. Based on these
results, we decided to use 900°C for the higher temperature zone, and
750°C for the lower températhré zone. The use of such a 1arge temperature
gradient has not been appreciably invesfigated in previous reports abou;

'ghis material. ‘

Anqthér way to in;rease‘the,transport fate is to increase the
concentra;ion gradient of the vapor species for diffusion by decfeasingi
the distance involved. The combined effect of ‘these two modificationé
does show a fasier transport rate, and the general pattern is.consistent
wi;h that reported by the Delaware grnupil The growth schedule sta:t;.
with a faster growth rate of about 1 mm/h, and then gradually slows down
‘to about 0.3 mm/h after several days. The pulling velocity can be
varied as guided by observation of the interface shape.'

A two-step process is therefore involved in the érystal growth;
The first step is the initial nucleation control (curve b in Figure 3),
and the second sfep is fhe material transport (curve a in Figure 3). The-
time needed for omne growth run is about 5 days to a week, depending on

the amount of material as well as other conditions. A typical result

-is shown in Figure 4. Only 2 grains in the 12 mm diameter of the boule



Figure 4. Typical Zn P, crystal grown by the

3
closed-tube horizontal method shown

in TFigure 3.



were detectable, and the material was theréfore qﬁite.suitable for‘device
investigations.

As mentioned above, our data sﬁow that 15 g of material can be
easily transpofted withiﬁ one day using fhe temperatﬁre profile of Figure 2
in the purification process. . The question then arises as to why the
obséfved growth is so-slow. Two possibilitiés'may'be suggested:‘
(1) kink site poisoning that limits the interface attachment kinetiés,.
and- (2) the occurrence of more than one reaction, so that different .
reactions are favored at different temperatu?es-and pressures.,
A détaiied thermodynamical calculation and a correct esfimaﬁe of the
possible reactions are required to make a meaningful ;heqretiéal
v predictioh. Since these questions are somewhat outside fhe méin
‘ thrust of our program, we will not pursue them éppreciably'further.

Harman and McVittie2 have reported that quarfz ampoules-de-
compose at high temperature. Residual gases of4CO and C02 haveAbeen
detected after the regétion in a closed tube. In some cases the
vapor pressure of these residual gaées can be as high as 70 torr,
which‘is comparable to the partial pressure of the spe;ies driving tﬁe
_transpoft,,e.g., the vapof pressuré éboye the golid Zn3P2 is about 145 torf'
at QOOOC according to Greenberg et al.3 On the other hand, the fesidual
gases Were'reduced appreciably after more careful tréa£ment of the
ampoule. 1In our case we have also observed these residual gases
remaining in the tube after growth, but do not know how they may affect
the cryctal growth. -More carefﬁl preparation steps including vacuum .
baking of'the ampodlé at high temperature, and selected loading sequence
are currently under investigatién.

If there is decompusition of the quartZ'and.the residual gases

CO and CO2 are forming, an excess of Si should be expected in the



ampoule which might be unintentionally doping the Zn3P2, A detailed

impurity analysis will give more insight into whether this is occurring.

Although the effusion-hole crystal growth method has already

been proven successful for Zn the as-grown resistivity of crystals

3F2’ |
grown by this method are relatively high. In the event that the '
closed tube method should turn oﬁt to be‘intractable, we do have plans
for an effusion-hole approach. |

The source temperature’of 906°C may prove troublesome iﬁ view
pf the phase transformation repdrted4 at-880°¢, wﬁich may affect the
crystél.growth‘through strain éonsideratioﬁs or through tﬁe enthaiﬁy

of transformation. Not enough information about this transformation

is available to permit a meaningful evaluation at this time.

3. RESISTIVITY

The as-grown resistivity of boule WZPBOl was found to be
‘ aboutvSO ohm-cm, and = ﬁin annealing at 410°¢ in'a hydrogen atﬁosphere
decreased the resistiviﬁy to 10 ohm—cm; which is in the acceptable
range for device fabrication. These valués are much lower than those

reported for as-grown Zn of 106 ohm-cm, and 102 ohm-cm after

3%2
phosphorus annealiﬁg.l..The differences must be attributed to the
method of crystal growth. Crystals prepared by the effusion hole
method should be more stéichiometric'and,have a lower impurity
céntent. The low resistivities obtained are one'reasdn why the
closed tube growth method isc still of considerable interest.

Hall measurcments and C-V measurcments will be made in the future
to more completely characterize the electrical transport propefties
of these cryStals.

Evaporated Ag forms a gnnd ohmic contact Lu Zn3P2 without

annealing, which is improved still further by annealing. Evaporated



In contacts do not appear to be promising.

Hall measurements were attempted on one of the samples sent to us
by the University of Delaware. The Hall voltage'developed across the
sample appeared to be very small, and wés not measurable immediately
because it could not be distinguished against the background of the misa-—
lignméent voltage between Hall prqbes; "A Van de? Pagw method was
attempted on another apparatus, but the same probiem arose. We will
increasaAthe capabilities of our Hall‘apparatus by insertiﬁg a bucking

voltage to eliminate the misalignment voltage.

4. HETERCJUNCTION DEVICES

Several samples of Zn kindly supplied by the Delaware group

3%2
were used for experimental heterojunction devices. A ZnO film was
deposited using our new CVD apparatus, and a CdS film was deposited by

vacuum evaporation. The Zn0 on the ZnO/Zn3P2 did not show acceptably

low'resistivity; the temperature required to have an as-deposited

-

low resistivity for the Zn0 film is high5~and damage to the junction
due to the large thermal expansion of ZngP, is expected. The CdS/Zn3P2
juﬁction exhibited only a small photoresponse. |

"These early negative results are not surprising and we expect

better performance and quantitative junction evaluation in the future,

32

5. Zn'P FILM DEPOSITION BY CLOSE-SPACED VAPOR TRANSPORT

Thin films of Zn3P2 were deposited on different substrates
(glass, CdS single qrystal, Si3N4) by the wmethnd 9f clqseespaced

vapor transport in an atmosphere of Ar. The steady-state temperatures
of the source and substrate were 750°C and 460°C respeétively.

SEM studies showedAthaé the films grown on glass were aﬁorphouc, while

the films grown on CdS were polycrystalline.A

Thin filme were depusited on {dS single crystal substrates



using the different types of source temperature/substrafe temperature vs time
‘profiles used in earlier investigations of CSVT deposition of CdTe on CdS.6

Figure 5 sliows electron‘micrographs of‘Zn.3P2

and three different depositions on CdS single crystal substrates, all of

depésited by CSVT on glass,

which show fairly large columnar crystal growth at an angle to the
substrate plane. |
Zn3P2 was also deposited by CSVT on amorphoﬁs Si3N4 subétréteé~-
(1000 A thick) coated on single cfystal Si. An electron micfograph“ of
the result is shown in Figure 6; A préliminary investigation was made
of the effect of laser>annealing7 on grain size on these Zn3P2 films
deposited on Si3N4, withAthe results shown in Figure 7. The ;eiativelyA

" amorphous Zn as deposited on Si3N4 is apparently.crystallized by the.

32
laser annealing. Effects of laser annealing on the electrical properties

of these films will be investigated.

6. Zn3P2 FILM DEPOSITION BY VACUUM EVAPORATION8

Thin films of Zn3P2 have been deposited by vacuum evaporation in
' a system with base pressure lower than 5 x 10_7 tore. - The starting bulk
material Zn3P2 was placed in a molybdenum boat with'a diaphragm containing
a hole. The gubotrates were 1" x 1" Corning 705Y gléés, locatea 8 cm
from the boat, "and capable of beiﬂg heated to 400°C. For'substrafes‘at
-room temperature, the standard growth rate was lOOA/;, whereas for
substrates at BOOOC, the growth rate was SSA/é;' The deﬁendence of
film properties on film thickness was investigated. 

Resistivity measurements were made using éilver paint electroaes
in the dark and under~photoexcitation. Table I sﬁmmarizes dark resistivity
‘and film parameteré for four.typical films. The initial trends suggest

that thinner films may have lowéer resistivity, and that there is no major

difference in properties with substrate temperature between 30°C and 255°C.
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10Q um

Figure 5a. 300X electron micrograph of Zn P2
deposited on single crystal CdS by close-
spaced vapor transport using the temperature-
time profile (1) of Ref. 6: substrate heated
to final temperature before source.

1

100 um

Figure 5b. 300X electron micrograph of Zn PZ
deposited on single crystal CdS by close-
spaced vapor transport using the temperature-
time profile (2) of Ref. 6: substrate thermally
etched and then lowered to final temperature
before raising source temperature,

.



100 um

Figure 5¢. 300X electron micrograph of Zn3P2

depcsited on CdS by close-spaced vapor transport
using temperature-time profile (3) from Ref. 6:
substrate thermally etched and source raised to
final temperature while substrate being lowered

to final temperature.

i

100 pm

Figure 5d. 300X electron micrograph of
Zn3P2 deposited by close-spaced vapor

transport on glass,



——

L
t

1 pym

Figure 6. 28,800X electron micrograph of amorphous
Zn3P2 deposited by close-spaced vapor transport on
SiBN4 layer on Si.
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170X electron micrograph of Zn3P2
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deposited on Si3N4 with laser annealing
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TABLE I

Resistivity of Evaporated Zn3P2 Films at 3OO°CA

Dark Resistivity, - . o Io..
- Sample # Substrate T, 9C . ohm-cm S Thickness, pym dark ;}1ght
2 ‘2200 2x10 1.87 70
3 220 | 6 x 10° 0.2 -
! 2.84 -

5 - 255 o 3.8 x 10

10 30 ‘ 7.2 x 10/ ‘ 4,95 B 10




Illumination by a tungsten microscope lanp reduces the resistivity by féctors
up to 100, As was found for single crystal Zn3P2, heat treatment in hydrogen
betwéen 400° and 500°C decreases the resistivity of some of our samples by
a factor between 10 and 50. Aging subgequently at room temperature shows
a tendency for the resistivity to be restored to its initial value; after one
monthlthe annealed. samples have a resistivity only 5 to 20 times less than
the initial values,

‘Traﬁsmission énd reflectivity measurements between 0.2 um and
2.5 ym _have been made on these films using a Beckman 5270ASpectrophotometer
and also a Cgry 14 with anAintegrating sphere attachment. Figure 8 shows
typical transmiésion curves for a thin sample (0.2 um) and a thickgr one
(2.84 ym) deg&sited witﬁ spbstrate temberatures of 2209 andeSSOC
respectively. .When.Zn3P2 is evaporated on a non-heated spbstrate, we
always 6btain a shift in the transmission edge to longer wavelengths,

372

films deposited on mon-heated substrates as compared to heated substrates

as. illustrated in. Figure .9. A shift in the reverse direction for Zn_P

has been reported by Zdanowicz and Pawlikowskig, who proposed that
films evapérated on non—heated substrates werc amorphous whereas
films evaporated on heated substrates (200°C) were polycrystalline,
The cause of the shift that we oboerve is under investigation.

Figure 9 élso shows the reflectivity coefficiént for these tﬁo
types of layers in the visible and near infrared. Theée results are
in good agreement with those reported by Catalano10 in the visible range,
but they obtain a higher reflectivity coefficient (60%) than we obtain
by averaging the interference oscillations for our. layer (38%).

From transmission and reflection data near the absorption edge,
the variation of the absorption coefficient for a sample deposited on
a 250°C substrate has been determined, and is shpwn in Figure‘lO. This

result is in complete agreement with published data.lo Assuming a

10.
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T 11,

direct bandgap, we have plotted a2 vs photon energy to obtain a bandgab of
1.56 eV, which is compafible with values found in the literature.
PhotoéonductiQity spectral response curves were measured for tﬁo
films as showﬁ in Figure 11. Assumiﬁg that the maximum of the photconduc—.
tivity curve occurs at a'photon'energy for which the penetfation aepth
(l/a') is about equal tobthe'film thicknessv(since lowér energy photons
will not be effective absorbed, and higher enéréy éh;tons will be
: aEsofbed'néar the surface where the lifetime is loﬁer), oﬁe would
preaiqt a'maximumAat 1.64 eV for sample #2 andAAt 1.61 eV for sémple #5,
using the data of Table I and.Figure-10;  The photocondﬁctivity ﬁaxiﬁa
are withiﬂ.at least a few hundredtﬁs of an eV of these values. Thé
photoconductivity wouldbbe expected to félleff at'lower photon;energies»v
inlthe same wéy asAthe optical absorption as long as there were no

large change in carrier lifetime with photon energy, as indicated by

b}

the'dashed line in 'igﬁre 11. The meaSpred photoconductivity, however,
is large at considerably lower photon energies, correspénding to a
threshold aboug 0.4 v sméiler tﬁan the béndgap. _This large extrinsic
'photoéonductivity suggesis a much lérger lifetime for ext?insié

photoexcitation, but the effect is not fully understood at this time.
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