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ABSTRACT 

10/1/80 to 2/15/85 

This research was begun in late 1980 to explore the method of hot wall 
vacuum evaporation [1] HWVE as a tool to grow CdTe films for 
photovoltaics, with particular emphasis on its promise to control doping 
and film structure and to enhance grain size. ·A versatile HWVE system 
was constructed, utilizing a four zone deposition chamber of quartz and 
high purity graphite, situated inside a bell jar vacuum system. 

Films of CdTe were grown on BaF2, 7059 glass, CdTe single crystal SX, 
and graphite substrates. Large grain epitaxy was obtained on SX 
substrates, whereas polycrystalline PX grain sizes of 1 to 10 urn were 
obtained on amorphous substrates. Co-evaporation doping of n-CdTe:In 
using elemental In was shown to be successful! and well controlled [2J. 
Electronic measurements on these n-CdTe SX films yielded resistivities 
from 2 ohm-em to 3 x 104 ohm-em and carrier densities from 3 x 1015 to 1 
x 1017 cm-3, depending on In source temperature from 375 to 510°C. A 
maximum in carrier density occurs at � 510°C and for higher In source 
temperatures the carrier density decreases slowly. At higher carrier 
densities and/or under illumination the mobilities for the epitaxial 
layers were essentially those of single crystal. PX films grown under 
similar conditions yielded minimum dark resistivities of �7 x 104 ohm-em 
and maximum carrier densities of about 7 x 1010 cm-3, with the grains 
being totally depleted in the dark. 

Attempts to dope CdTe p-type by co-evaporation were not as successful. 
Co-evaporation of As yielded essentially no change in electronic 
properties. Co-evaporation of Sb gave no change until Sb source 
temperature exceeded 419°C, at which point the resistivity plummeted 
from 107 to below 1 ohm-em, probably because of the inclusion of 
metallic Sb. 

The effect of diffusion doping, by coating the graphite with thin layers 
<�20 A) of Au or Cu before CdTe deposition was also investigated. 

Although high concentrations of Au or Cu in the film were determined by 
microprobe analysis, these CdTe films had lower hole densities than 
films grown on uncoated graphite. In addition the presense of Cu 
appeared to decrease the minority carrier diffusion length in the CdTe 
films. 

It was found, however, that by increasing the substrate temperature, 
carrier densities in the 1015 to 1016 cm-3 range could be obtained 
without doping. <Similar substrate temperature effects on carrier 
density occur with p-CdTe films deposited by close-spaced vapor 
transport [3, 4]. ) 

A variety of solar cells have been fabricated using the CdTe layers 
deposited by HWVE. Epitaxial films of n-CdTe:In on p-CdTe single 
crystal produced homojunction cells with high V0c, up to 0. 8 V, but with 
modest efficiency because front surface recombination losses limited 
Jsc· All PX thin film cells in the n+-CdS:In/n-CdS/p-CdTe/graphite 
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configuration were fabricated using undoped CdTe and showed modest .., efficiencies <ns = 4-5%, V0c = 0.67 V, and Jsc = 1 6  rnA/em� were typical 
maximum values>. Heat treatment <HT> of these cells in air increases 
the cell series resistance and decreases the fill factor, whereas HT in 
H2 produces the reverse effect. The hole density in the CdTe is not 
affected by such HT, suggesting that the observed effects are associated 
with the grain boundaries in the film [3, 5]. 

The variation of photovoltaic properties of these cells was investigated 
as a function of CdS carrier density which was varied by changing the 
temperature for CdS deposition Ts. The V0c, Jsc' and ff were found to 
depend on t�e relative carrier densities in the CdS <n = No> and in the 
CdTe <p = NA> in a dramatic way. Values of V0c, in particular, 
increased to 0 . 67 V for polycrystalline <PX> CdTe cells and to 0 . 8 V for 
cells based on single crystal <SX> CdTe when No = NA. This effect was 
shown not to be due to the annealing of the CdTe film durin� CdS 
deposition, nor to the diffusion of In from the outermost n -CdS:In 
layer. An imperfection level lying 0. 45 eV below the conduction band of 
the CdTe was identified by extrinsic spectral response measurements on 
the cells, and the junction transport of all cells could be modeled by 
recombination through this level in two parallel paths: (i) 
recombination/generation within the CdTe depletion region, and <ii) 
interface recombination with minority carriers at the CdS/CdTe 
metallurgical junction. A model based on these assumptions successfully 
describes the change in V0c, as well as the J vs V characteristics in 
light and dark, as a function of the relative carrier densities of the 
CdS and CdTe [6, 7]. 

Cells of the configuration contact/p-CdTe/n-CdS/n+-IT0/ (7059 glass> 
("inverted" structure> were also made; this stacking lends itself to 

testing of alternative contacts. Au, Cu:Au, and heat treated Cu 
contacts were tried, none of which gave any major decrease in series 
resistance Rs. Cu-colloidal graphite mixtures produced lower series 
resistance Rs but substantially lowered the photogenerated current 
and/or produced leaky junctions. The most promising candidate was a 
mixture of colloidal graphite and NaH2Po2 H20 <which decomposes to PH3 
and other compounds at about 250°C) in low concentrations. The entire 
cell is heat treated to diffuse the impurity, yielding Rs as low as 5 
ohm-cm2 and reasonably good solar cells <ns = 3-4%) . Inverted cells, 
deposited at higher CdTe deposition and/or heat treated at higher 
temperatures, have homojunction-like behavior, but these can be 
converted to heterojunctions by application of the "Na-graphite" contact 
followed by heat treatment. 

To gain insight into the complex electronic transport present in these 
polycrystalline cells, a significant amount of research was focused on 
grain boundary <GB> phenomena in bicrystals and in PX thin films and on 
the passivation of grain boundary activity [5]. Conductivity activation 
energy, GB diffusion potential, density of GB states, minority-carrier 
recombination velocity, the majority carrier capture coefficient, and 
the optical cross section of GB states were all evaluated. · Passivation 
experiments indicate that HT in atomic H or Li provides an effective but 
temporary passivation in p-CdTe, and that similar effects are found for 
HT in air for n-CdTe. 
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A one di mensi onal computer model f or grai n boundary transport was 
f ormul ated and successful l y  app l i ed to n-CdTe ep i tax i al l ayers on CdTe 
SX and n-CdTe PX l ayers on graph i te .  

2 / 1 6/85 to 2/6/87 

Si nce the previ ous wor k showed no c l ear path toward successf ul p-type 
dop i ng of CdTe dur i ng deposi t i on , post-deposi t i on anneal i ng of the f i l ms 
i n  var i ous amb i ents was exami ned as a means.of dop i n g .  Anneal s were 
done i n  Te , Cd , P ,  and As vapors and i n  vacuum , ai r ,  and Ar , al l of 
wh i ch showed l arge ef f ects on Rs and the d i ode p arameters.  I n  the case 
of As , Rs val ues of I n /p-CdTe/grap h i te structures were decreased 
strongl y < e . g . , f rom �50 to �5 ohm-cm2 > .  This decrease was shown to be 
pr i nc i pal l y  due t o  a decrease i n  grai n boundary and /or bac k  c ontact 
barr i er hei ght ; t hus the Rs decrease was due to l arge i ncreases i n  
mob i l i ty whereas the carr i er densi ty was not al tered substant i al l y . 
Al though the Rs d ecreases were substant i al , the d i ode character i st i cs 
became worse , and the Rs decreases were not observed when CdS/CdTe cel l s  
were f abr i cated on Te vapor anneal ed f i l ms .  

A number of other research areas were ex p l ored i n  the l ater parts of the 
contract . Prepar at i on of ZnO f i l ms by react i ve evaporati on yi el ded 
promi si ng resul ts: f i l ms of ZnO 0 . 4 urn thi c k  wi th a resi st i vi ty of 1 60 
ohm-em and h i g h  opt i cal transmi ssi on were deposi ted on room temperature 
substrates usi n g  a ZnO source and an 02 ambient . Deposi ti on of p-ZnTe 
f i l ms by HWVE, usi ng convent i onal techni ques , yi el ded f i l ms of carr i er 
densi ty 2-3 X 1 0 1 5 cm-3 and resi st i vi t i es of 200 to 5000 ohm-em wi thout 
i ntenti onal dop i n g .  Further anal ysi s of PX grai n boundary transport i n  
p-CdTe fi l ms on a l umi na substrates , f or both dar k  and i ll umi n ated cases , 
yi el ded good agreement wi th ex i st i ng data. 
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INTRODUCTION 

Th i s  Fi nal Report i s  pri nci pal l y  focused on research done af ter 2/16/85. 
Resul ts of wor k done on th i s  program bef ore that t i me are summar i zed i n  
the Abstr act and di scussed in detai l i n  the previ ous Fi nal Reports. * 

General Descr i pt i on of the HWVE Method 
By conf i n i ng the evaporated speci es to an al most cl osed cell , the use of 
h ot wal l s  surroundi ng a reg i on i n  wh i ch vacuum evaporat i on i s  tak i ng 
p l ace produces i ncreases in the f l ux of speci es to the substrate to such 
a degree as to permi t substanti al l y  hi gher substrate temperatures and 
growth much cl oser to thermal equi l i brium [ 1 ] .  The benef i ts are l arger 
grai n si zes , better crystal l i ne structure ,  better ep i tax y on si ng l e  
crystal substrates , and vast l y  i ncreased ut i l i zat i on of mater i al ( i n the 
90 to 95% rang e >  rel at i ve to conventi onal vacuum evaporat i on • I n  
add i t i on ,  i t  was hoped at the outset of this program that th i s  procedure 
coul d l ead to the f easi b i l i ty of co-evaporat i on dop i ng dur i ng vapor 
deposi t i on and i ncorporat i on of p-type dopants i nto CdTe th i n  f i l ms .  

Research Program 
I n  the previ ous sect i on of thi s research a HWVE system was constructed 
and tested . Var i ous n-CdTe f i l ms ,  both ep i tax i al [ on si n g l e  crystal 
< SX > substrates] and pol ycrystal l i ne <PX > [ on amorphous substrates] , 

were deposi ted , and control of co-evaporat i on dop i ng wi th I n  up to 
carri er densit i es of 1 0 1 7  cm-3 was estab l i shed . Desp i te ex tensi ve wor k , 
we were not able·to accomp l i sh p-type dop i ng usi n g  As , Na , Sb , Ag , Au , 
or Cu , however . I n  the case of As th i s  was app arentl y because of l ack 
of incorporat i on of As due to the h i gh d i ssoci ati on energy of As4 and 
the rel ativel y h i gh vapor pressure of As at the substrate compared to 
t hat of CdTe . This led to the SER I sponsored research on ion-assi sted 
dop i ng in wh i ch we are current l y  engaged . < I nci dentl y ,  As i on dop i n g  i s  
successf ul . >  Desp i te the l ack of success i n  ex tr i nsi c dop i ng i n  HWVE , 
we f ound that moderatel y h i gh carr i er densi ti es Na coul d be obtai n ed by 
si mp l y  i �creasi n� sub�trate temperature Tsub up to 560 to 600°C ,  g ivi ng 
Na = 1 0 1 � to 1 0 1 em-� .  Var i ous types of CdS/CdTe sol ar cel l s  of 
moderate ef f i ci ency were f abri cated based on these p-CdTe f i l ms [ 3 , 7 ] , 
a l though ex cessi ve ser i es resi stance Rs conti nued to be a prob l em .  

Post-deposi t i on anneal i ng of p-CdTe/graphi te samp l es i n  var i ous amb i ents 
has been shown to produce l arge changes i n  the photovol tai c parameters. 
In parti cul ar Te vapor anneal s produce a reduct i on of the through-the­
f i l m  resi st i vi ty ( i ncl ud i ng bul k and contact resi stances > by factors of 
1 0  to 200 . 

Sever al prel i mi nary sol ar cel l s  f abri cated by putt i ng CdS wi ndow l ayers 
on these Te-anneal ed CdTe f i l ms have been made but as yet a reduction i n  
cel l resi stance has not been observed . 

*Previ ous SER I Pr oject and Fi nal Reports and Letters ( e . g . , PR#B > are 
l i sted at the end of the ref erence page. 
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HWVE DEPOS I T I ON PROCEDURE AND SAMPLE PREPARAT I ON 

The HWVE deposi t i on system i s  shown i n  Fi g .  1 and i s  descr i bed i n  detai l 
i n  Progress Report #5 . 

Deposi t i on p arameters and measurements of f i l m  t h i ckness and grai n si z e  
are shown i n  Tab l e  I .  The CdTe l ayers were grown on Poco DFP-3-2 h i g h  
pur i ty graph i te sheets wh i ch had been previ ousl y cl eaned usi ng a 
sequence of D I H2o, MeOH, acetone, and MeOH ( all sol vents are el ectron i c  
grade} at room t emperature usi ng ul trason i c  ag i tat i on .  The source 
mater i al was si n g l e  crystal CdTe, grown at Stanf ord f rom 5 to 6 n i nes 
el ements, and doped wi th P .  Previ ous ex per i ence has shown that the P 
does not tran sport f r om the source crystal to act i vel y dope the f i l m .  

Al l current growth runs were don e  at nomi nal l y  the same source and 
substrate temperatures Tsub • I t  was desi rab l e  to use as h i gh a Tsub as 
possi bl e i n  order to mi n i mi z e resi st i vi ty .  Si n c e  there was some 
d i f f i cu l t y  i n  nucl eat i ng the f i l ms on the substr ates at these h i gher 
temperatures, the growth was sp l i t  i nto two parts: < a >  a f our mi nute 
prerun at Tsub = 5 1 8°C to provi de uni form nucl eat i on and ( b )  a growth of 
1 6  to 26 mi n at 580°C to i ncrease the thi ckness and carri er d ensi ty. 

After the deposi t i on was term i n ated by cl osi ng the shutter, the samp l es 
were wi thdrawn f r om the substrate furnace and al l owed to cool by 
r ad i at i on i n  the vacuum . Most samples were hal ved or quartered as 
requi red ex per i ments. 

Si mi l ar ti mes and temperatures used i n  the prev i ous research y i el ded 
f i l ms wi th through-the-f i l m resi stivi t i es of �2000 ohm-em and carr i er 
d ensi t i es of 2-5 x 1 o 1 5  cm-3 ( b y  1/C2. vs V > . The resi st i vi t i es and 
carri er densi t i es of the current seri es of f i l ms are general l y  a l i tt l e  
h i gher and l ower , respect i vel y than 'those of the previ ous research but 
of comparab l e mag n i tude. 

CdTe f i l m  thi cknesses were measured usi ng a Dektak . 

ELECTRON I C  CHARACTER I ZAT I ON METHODS 

The el ectron i c  character i z at i on of PX th i n  f i l ms i s  comp l i cated by thei r 
col umnar structure, wi th resul tant an i sotrop i c  el ectron i c  properti es, 
and by the presense of the substrate. Deposi t i on on an i nsul at i ng 
substrate wi th subsequent measurement of conduct i vi ty < usi ng 4 poi nt 
geometry > al ong the p l ane of the f i l m  <AtF> i nvol ves a transport path 
through many grai n boundar i es .  In contrast , deposi t i on on a conduct i ng 
substrate and measurement of transport through the f i l m  p l an e  < TtF>  
i nvol ves transport al ong the col umnar grai ns wh i ch mi ght pass through 
rel at i vel y f ew grai n boundar i es .  The TtF method makes observat i ons on 
the f i l m i n  the same geometry as that for the f i na l  devi ce , but i nvol ves 
some uncertai nty of . the ohmi c qual i ty of the contacts < si nce 4 poi nt 
measurements can ' t  be used > . 
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TABLE I. RECENT CdTe FILM DEPOSITIONS - GROWTH PARAMETERS 

NUCLEATION FINAL GROWTH TOTAL 

Eli!!!. 

UD-90 
-90A* 

UD-91 
-91L 
-91A 

KF-1-! 
-1-lL 
-lA-1 
-tA-lL 
-lA-2 
-1A-2L 

KF-2 

KF-3 
-3L 
-3A-2 

CK-1 

KF-4 

CK-2 

10/15/84 T-59 

10/ 6/84 

1/18/8:5 

2/25/8:5 

2/ 1/8:5 

2/13/8:5 

3/ 6/85 

3/ 5/85 

646 

646 

646 

646 

Substrate -� Substrate � Ti ... . !!!!!!lb.. 
(OC) .iJ!!ir!l. (OC). 

4 

4 

4 580 

4 

4 

518 4 

518 4 

518 4 

3/11/B5=�===Syste. bake-out=�z==awwww==���anaa 

KF-5-1 
-5-1L 
-5-3 
-5-3L 
-5-4 
-:>-4L 
-5A 

KF-6-1 
-1L 
-2 
-2L 
-4 
-4L 
-5 
-5L 

3/20/8:5 T-53 646 

4/30/85 

3/21/85 646 

* "A" indicates Te annealed sample. 

518 4 

518 4 

" L " indicates measurement under illumination <�APU.5l. 
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Gro10th 
Time 
!minl 

16 

16 

16 

16 

16 

16 
12 
16 

21 

26 

Thickness 
!uml 

20 

28 

30 

11 

45 

60 

Apparent 
Grain size 

<uml 

6 

6 

3 

2 

2 

10 

1:5 

15 

10 

Comments 

12 � Cu on graphit• 
HT 5 112 hr at 51o0c** 

HT 7 1/2 hr at 5100c 

HT 6 hr at 5000c 

HT 6 hr at 5000c 

*4 Heat tre�tments in Te vapor. Sample and Te at 
approxiMately the same temperature. 



TABLE I. RECENT CdTe FILM DEPOSITIONS - GROWTH PARAMETERS <cont.> 
FINAL GROWTH �=-�NUC��LEATION 

CoTe Substrate Growth Substrate GroNth Film Apparent 
Grain size 

<um> 

Co111111ents 
Temp � Time � Time Thickness 

CK-3 4/ 2/85 T-53 

CK-4 4/10/85 

CK-5 4/16/85 

KF--1 4/ 4/85 

KF-8 4/ 8/85 

<°Cl � 
646 :518 

646 :518 

646 :518 

646 :518 

646 :S18 

<min) <°C> 

4 :580 

4 

4 

4 

4 

<min) <um> 

16 19.5 

16 59 

16 46 

16 85 

16 35 

Post-dep. in situ �neal@ 

20 Pre-dep. vac. bake-outA 

20 

:======== 4/20/SS==============s=Systea bake-out���r.===�==�a====,�=========-

KF-9 
-9L 
-9A 
-9AL 

KF-10 

CK-6a 
-6b 

CK/KF-7 

4/22/85 

<4130/85) It. 

4/23/85 

4/23/85 

4/30/8:5 

646 :520 

646 :528 

646 :518 

646 :518 

========= 5/17/8:5 -================ Systea bake-out 

KF-11 6/18/85 646 :518 

KF-12 6/18/85 646 :518 

KF-13 6/20/8:5 :S18 

KF-14 6/19/8:5 646 :518 

6/21/8:5 :S18 

CK-8 6/25/85 646 :518 

�======== 7/22/85 ============== Syst .. bake-out 

CK-9gr 
-9al 

7/23/85 

========= 7/23/85 

KF-16 7/26/8:5 

KF-17 7/27/85 

KF-18 7/27/85 

KF-19 7/31/85 

:us 

Syst .. bake-out 

519 

:S19 

:SlB 

519 

========= 8/2/85 ========--====== Syst.. bake-out 

CK-10gr 
-10al 

8/5/85 646 518 

========= 8/5/85 =============== Systee bake-out 

r.:i--20 8/6/85 646 518 

KF-21 8/7/85 646 :518 

KF-22 8/7/85 646 :518 

I<F-23 8/8/85 646 :518 

4 580 

4 

4 

4 

4 S76 

4 

4 

4 :581 

4 

none 

16 

16 

16 

16 

16 

16 

16 

16. 

16 

25 

6 

40 
62 

63 

10 

4 

<30, estimated) 

�4 <non- uniform> 

Post-dep. in situ anneal 
Normal cooling 

==��ZK���aa===s==========--===========================�==--��-' 

2 

4 

4 

4 

4 

1/2 

4 

4 

4 

4 

7 

:sao 

:584 

:582 

none 

none 

16 

16 

16 

16 

16 

16 

16 

16 

10.:5 
12.5 

<30, estionatedl 

<30, estimated) 

Graphite substrate 
Alumina substrate 

NeN source bottle-­
single zone 

Graphite substrate 
Alumina substrate 

Substrate TC broken; 
temp. measured at 
substrate furnace 
<substrate at �582°C> 

==7====== 8/!4/85 ============== Systea bake-out ==========s========================================================= 

KF-24 8/14/85 646 

KF-25 8115/85 646 

"'A" indicates Te annealed sample. 
" L " indicates measurement under 

illumination <�AM1.5l. 
# ( ) Denotes measurement date. 

518 

�18 

-9a-

4 590 

4 59:5 

16 

16 

** Heat treatments in Te vapor. Sample and Te at approximately 
the same temperature. 

• Substrate pick-up was aborted and substrate could not be 
removed fro� substrate furnace until system Nas opened. 
Therefore it received an in situ bakeout in high vacuum while 
system was cooling from �80°C <�1-2 hrl. 
KF-7 graphite substrates were baked out in vacuum at 10-6 

Torr for 6 min prior to growth. 
!.Measured at substrate furnace liner. 



Electronic measurements of the p-CdTe/graphite samples are complicated 
by the fact that the CdTe/graphite contact is only partially ohmic. We 
chose to use an In/p-CdTe Schottky barrier as one of the major 
diagnostic tools. J-V measurements gave the diode parameters and, at 
high forward bias, an upper bound on the through-the-film resistance for ., 
the complete device, and 1/C� vs V measurements gave carrier density 
information. 

Electronic measurement data on the samples are presented in Table II <an 
"A" following the sample number denotes an sample annealed in Te vapor>. 

The series resistance Rs of a diode structure is comprised of 
resistances of the bulk, the back contact <graphite>, and the <small> 
spreading resistance in the In film. For PX CdTe the bulk resistivity 
is modified by <and in most cases dominated by> the presence of grain 
boundary potential barriers within the polycrystalline CdTe. In all 
cases the observed Rs was non-linear, showing the typical curvature 
associated with non-ohmic contacts and/or with current transport across 
grain boundaries. For this reason Rs was taken from the maximum slope 
of the forward I-V characteristic where it should be most dominated by 
the bulk resistivity. For the samples which had not been heat treated 
HT in Te vapor, Rs values ranged from 44 ohm-cm2 to over 104 ohm-cm2. 

The parallel resistance Rp of the diode structure, obtained from the 
reverse bias slope of the I-V characteristic, gives an indication of the 
existence of shorting paths through the CdTe film and thus is a measure C" 
of the'">presence of pinholes. Values of Rp were tygically 0.3-8 x 1'0..., 
ohm-em..:... for -un-heat-treated samples and 0.8-3 x·lo ohm-cm2 for samples 
heat-treated in Te vapor. These values suggest reasonably pinhole free 
films and that Te HT does not produce pinholes. Optical e:Xaminati'�n at 
500X also shows a dense film character. 

The diode parameters J0 and the diode quality factor A give an 
indication of the mode of current transport across the In/CdTe diode. 
In most cases the log J�V characteri.stics have· two branches and can be 
modelled well using two values of J0 <the zero-bias extrapolation of the 
log J-V plot>, two values of the A factor, and the values of Rp and Rs 
obtained from the linear data plots. The J0 and A values typically fall 
into two groups, one for un-heat-treated samples and one for heat­
treated samples. The data groups for the latter samples are tighter, as 

-shown in Fig. 2. Taken at face value these data indicate an increase in 
current transpo�t for the In Schottky barriers on the HT samples • .  For 
the A=l branch <Bethe transport) this represents a decrease in apparent 
barrier height (resulting from a change in interface state character) 
and/or an increase in tunneling through the barrier [ 8, p.162J 
(resulting perhaps from chariges at the grain boundaries intersecting the 
junction). Less than extreme changes in the carrier density should 
have little or no effect on the magnitude of the forward-bias A = 1 
current transport [8, p. 169]. For the A�2 branch the data represent an 
increase in recombination in the depletion layer. The magnitude of the 
A - 2 recombination current should vary approximately as NA-�. 
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Sample 
No. 

UD-90 
-90A 

UD-:-91 
-91L 
-91A 

KF-1-1 
-1-1L 
-1A-1 
- 1A-1L 
-1A-2 
-1A-2L 

KF-2 

KF,..-3 
-3L 
-3A-2 

CK-1 

KF-4 

CK-2 

TABLE II. RECENT CdTe FILM DEPOSITIONS: ELECTRONIC PARAMETERS 

J-V CURVES 

• • • • • • •  leaky diode • • • • • • • • •  

• • •  little rectification • • • •  

<2x10-7> (2.5) 

9x1o-8 2.5 

5x10-9 1.5 
-

<3>t 10-5> ( 1. 5) 

<3x10-5> ( 1. 5) 

R + s 
ohm-cmL 

25 
13 

2x104 
5000 

359 

1x 104 
654 
118 

56 
135 

50 

1x104 Not avail. 
7x103 Not avail. 

5x106 
2x105 
1x105 8x1o14 

5x106 
2x105 
4x104 
3x1o4 
5x104 
2x104 

• • • • • • • • • • • •  bad sample, too thin • • • • • • • • • • • • • • • • • • • • •  

4x1o-10 1.6 6x1o4 
9000 

• • • •  little rectification • • •  308 

5x107 Not avail. 
8x106 
3x105 

• • • • • • • •  too resistive to measure <<109 ohm-em) • • • • • • •  

• • • • . • • • • • • •  too resistive to measure • • • • • • • • . • • . . • • • •  

• • • . • • • • • . • .  too resistive to measure • • • • • • • . • . • . . • • • •  

COMMENT 

Poor recti f. 

Poor recti f. 

========= 3/11/85==============System bake-out======================== 

KF-5-1 2x1o-8 2.2 4x1o-12 1.0 44 1x1o4 2x1o14 
-5-1L 28 6x103 
-5-3 • • • • • •  simi 1 ar to S-1 • • • • • • •  43 1x1o4 
-5-3L 26 6x10� 
-5-4 • • • • • •  simi 1 ar to 5-1., ...... 114 3x104 
-5-4L 50 1x104 
-5A 4x10-8 2.0 4x1o-10 1.0 4 666 1.4x1o14 

KF-6-1 1x1o-8 2.0 Ux 1o-12> (1) 654 3x105 4x1o14 
-1L 417 2x105 
-2 • • • • • •  similar to 6-1 ....... 654 3x105 
-2L 441 2x105 
-4 • • • • • • simi 1 ar to 6-1 • . • . . • •  736 3x105 
-4L 371 2x105 
-5 • • • • • •  simi 1 ar to 6-1 ....... 314 1x105 
-5L 261 1x105 

+From maximum slope of J-V curve. [Rs (ohm-em> = � <ohm-cm2)/thickness>. 
@Carrier density from high frequency capacitance (ca. 1 MHz>. 
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TABLE I. RECENT CdTe FILM DEPOSITIONS: ELECTRONIC PARAMETERS lcont.l 

S.E!!l!P_Let 
!i'2..... 

CK-3 

CK-4 

CK-5 

KF-7 

KF-8 

2.0 

2x1o-10 2.0 

9x1o-9 1.9 

J-V CURVES 

.....>!o? _ __B_ A/c;;? 

1Y.1o-t1 1.0 

(5:< 10 -61 (1) 

(4x 10-81 ( 1)_ 

<1x1o-14> (1) 

<Bx1o-12> (1) 

68 

2x104 

�zso 

2200 

1240 

COMMENT 

3x104 7xl.o14 
@ 2 MHz 

3x106 NA Poor recti f. 

1x104 lOx 1014 Poor recti f. 
@ 2 MHz 

3x105 0.3x1o14 Note 1 

4x105 �2x1.o14 

========= 4/20/85 ============== System bake-out ============,============= 

KF-9 3x1o-9 2.0 8x1o-12 1.0 57 2x104 Bx1o14 

-9L 39 2x104 

-9A 4xlo-8 2.0 3x1o-10 1.0 6 2000 o.8xto14 

-9AL 4.5 1500 

KF-10 8x1o
-'9 2.1 4x1o-12 1.0 200 3x105 10x1o14 

CK-6a 3x1o-9 1.7 1x104 
3x106 1x1o14 @ 2 MHz 

-6b 2x1o-9 1. 7 1x104 
2x106 2.5x1o14 

CK/KF-7 5x1o-9 2.0 8000 1x106 3.6x1o14 

========= 5/1//85 ============== System bake-out ======================== 

KF-11 3x1o-9 1. 75 <lx1o-12> <ll 375 14x1o14 

KF-12 • • • • • •  leaky diodes • • • • • • • • •  130 

KF-13 7x1o-9 
· 1. 75 <2x1o-11> <1> 300 

KF-14 

KF-15 

========= 6/26/85 ============== System bake-out ======================== 

CK-8 • • • • • •  leaky diode • • • • • • • • • •  280 

========= 7/22/85 ============== System bake-out =====�================== 

CK-9gr 
· -9al 

========= 7/23/85 ============== System bake-out ======================== 

KF-16 

KF-17 

KF-18 

KF-19 

========= 8/2/85================ System bake-out ========================= 

CK-10gr 

-10&1 
===�= B/5/85 =======�-====== System bake-out ======================� 

KF-20 

KF-21 

KF-22 

KF-23 

8/14/85 ============== System bake-out ======================= 

KF-24 • • • • . • •  leaky diodes • • • . • . . •  220 

KF-25 400 

+From maximum slope of J-V curve. [Rs (ohm-cml = � <ohm-cm2l/thicknessl. 
@_Carrier density from high frequency capacitance (ca. 1 MHzl. 
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Fig. 2. Plot of log J versus 1/A for the In/p-CdTe diodes listed in 
Table II. A fit for the un-heat-treated <circles and solid 
line> and the heat-treated samples <boxes and dashed line> is 
shown. The plotting axes are primarily chosen here to display 
the data. [For possible further significance see ref. 8, p. 
160]. 
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One of the samples, deposited on a graphite substrate which had been 
annealed in vacuum at �700°C before deposition of the CdTe, yielded a 
particularly low set of J0 values. In this case the carrier density was 
very low and the depletion layer was wide enough to affect the current 
transport due to carrier mobility effects within the layer <the Schottky 
effect) [8, p. 169 ] . 

Capacitance-voltage measurements using In/CdTe were used to measure 
carrier density in the CdTe films and ac series resistance of the 
devices. In general, capacitance-voltage data taken at high frequencies 
<> 1 MHz) should yield an accurate value of the ionized shallow acceptor 

density at the edge of the depletion layer <equal to the free carrier 
density there> provided that the trap (deep acceptor) density within the 
deletion layer is small compared to the ionized shallow acceptor density 
at the depletion layer edge and that the series and parallel resistance 
of the device are within certain limits. As the probe frequency is 
decreased, the deeper centers can increasingly respond to the probe 
os:illation giving larger capacitance and a smaller depletion layer 
�.uth. This gives a measure of the deep state density within the 
depletion layer where these levels intersect the Fermi level <but not at 
the depletion layer edge>. In the current samples the deep state 
density is comparable to or larger than the shallow state density so 
care must be exercised in interpreting the C-V data. While precise 
carrier density information cannot be obtained without involved data 
analysis and additional measurements, the high frequency result is still 
a good approximation to the ionized shallow acceptor density and the low 
frequency result gives an estimate of the total acceptor density. 

Detailed deep state evaluation in CdTe is beyond the scope of this 
project but is being investigated under a separate DOE program, and 
samples and information have been exchanged. Using this insight we are 
able to get reasonably accurate values of shallow acceptor density and 
broad estimates of deep trap density. Both quantities are important to 
device operation. Shallow acceptor density determines the bulk 
resistance in the quasineutral (QN> portions of the grains. The sum of 
the shallow acceptor density and the ionized portion of the deep 
acceptor density determine the barrier shape [e. g. ref. 9 J .  The barrier 
shape in turn determines the junction transport and the grain boundary 
barrier limited mobility which dominates the bulk resistance in most of 
these films [8� p. 369 ] . To obtain a rough estimate of these two 
quantities 1/CL vs V data were taken at both high and low frequencies. 
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AMPOULE ANNEALING EXPERIMENTS 

SUMMARY 
Ampo�le doping studies were undertaken to subject the films to much 
higher Te, Cd, and/or dopant pressures than is possible in the HWVE 
deposition chamber. In addition, diffusion doping during deposition was 
explo�ed by evaporation of thin films of Cu on the substrate prior to 
CdTe deposition. 

This work has shown that post-deposition annealing of p�CdTe/graphite 
samples in vacuu� or Te vapor in quartz ampoules can reduce the 
through-the-film resistivity (including bulk and contact resistances) by 
factors of 10 to 200. This change is thought.to be primarily due to an 
increase in carrier mobility due to a reduction in grain boundary and/or 
contact potential barrier height rather than an increas� in carrier . 

density. Unfortunately, this increase in conductivity is acco�panied by 
a,decrea�e in the V0c of these cells. T6 explore these effects, the 
annealing process was studied in detail by including shorter annealing 
tim�s, and b6th slow and rapid quenches following the anneals. In 
addition, the effects of other annealing ambients--vacuum, argon, air, 
and As vapor--were compared with the effects of Te vapor annealing. 

Annealing times in vacuum as short as.30 min (with rapid quenching> 
appear to produce nearly the same resistivity and V0c reductions as 7 
hr anneals in Te vapor or vacuum. Annealing effects are strongly 
quenching rate dependent. When films annealed in vacuum are cooled 
slowly <-1°C/sec> rather than rapidly quenched <-50°C/sec>, the 
through-the-film resistivity is unchanged or increased somewhat and the 
V0c is decreased only slightly. Annealing in air increases the 
resistivity strongly. Annealing in Ar at roughly 100 Torr reduces the 
resistivity to an intermediate value but increases the Voc· 

Several solar cells were fabricated by putting CdS window layers on 
these annealed CdTe films. 

ANNEALING STUDIES 
Heat treatment <HT> in Te vapor was carried out as follows. The CdTe/ 
graphite sample was sealed under vacuum in a quartz ampoule with a small 
piece of elemental Te. The ampoule was then heated to 510°C, typically, 
in a tube furnace which was carefully set up with a near-zero 
temperature gradient so that transport of Te and/or CdTe from one end of 
the tube to the other would be minimized. To end the HT, the Te end of 
the ampoule was withdrawn from the furnace first and spray quenched to 
eliminate the condensation of Te on the CdTe film. These samples were 
then compared to un-heat-treated companion samples from the same 
deposition run. HT in Cd vapor, Ar, and vacuum were done by similar 
techniques. Annealing in air was done without an ampoule. 
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Th e ex per i mental r esul ts summar i z ed i n  Tab l e  I V  show that th e  un -heat­
treated samp l es h ave car r i er densi t i es i n  the mi d 1 0 1 4  em-� r an ge wh i l e  
t he heat-treated samp l es h ave comparab l e  or l ower densi t i es. Desp i t e 
the l ower car r i er densi ty of the heat-tr eated samp l es they h ave a 
substant i al l y  r educed ser i es r esi stan c e .  Apparen t l y  t h e  major ef f ect of 
the Te HT i s  to r educe the r esi st ance of the gr ai n bound ar i es a n d / or the 
semi -ohmi c contact to the gr aph i te .  Th i s  hypothesi s was ex p l ored 
br i ef l y  by a l ter i ng the HT p ar ameter s .  

A t  h i gh f requen c i es the c on t acts , grai n-boundary potent i al b ar r i ers , and 
sem i -ohmi c c on t acts are shunted b y  thei r capac i tances , and the 
c onductance approaches that of the QN regi ons of the devi c e .  The QNR 
r esi stan c e  i s  c a l c u l ated f rom the measured car r i er densi t y ,  an est i mated 
si ngl e-crysta l  mob i l i ty ( 50 c m2/ V-sec > , and the l ayer t h i c kn ess . Th i s  
i s  compared wi t h  the h i gh f r eq uency r esi stance i n  Tab l e  I I I .  
Con s i der i ng the comp l ex i ty of the structure , the agreement i s  qui te good 
and l ends c on f i den c e  to our measurement of car r i er densi t y .  

I n  Fi g .  3 are p l otted t h e  d e  r esi st i vi ty < f r om t h e  J-V p l ot sl opes ) and 
h i gh f requenc y  ac r esi st i vi ty dat a  versus the car r i er densi t y .  Usi ng 
the theoret i c a l  constant mob i l i ty curves one can est i mate an ef f ect i ve 
mob i l i ty f or the CdTe l ayer . For the de measurements t h i s ef f ect i ve 
mob i l i ty i ncl udes t h e  ef f ects of the grai n  b ound ary potent i al b arr i ers 
i n  i mped i ng c arr i er f l ow .  For t h e  a c  resi stance measurements the 
ef f ect i ve mob i l i ty shoul d be app r ox i matel y the si ngl e c rysta l  < or QNR > 
val ue . The f oll owi ng trends are evi dent : 

a )  A n umber of t h e  ac data and two of the de data show ef f ec t i ve 
mob i l i t i es n ear 40 cm2/ V-sec . 

b) Al l the ac data show ef f ect i ve mob i l i t i es above 5 cm2/V-sec . 
c >  HT of the f i l ms appears t o  i nc r ease the ef f ec t i ve mob i l i ty str ongl y 

and , i n  a l l c ases ex c ep t  one ,  the de and ac af ter -heat- t reatment 
mob i l i ty are qui te c l ose to each other . 

d )  Some un-heat-treated l ayer s show de mob i l i t i es < 0 . 04 c m2/V-sec , 
i nd i c at i ng sever e r estr i ct i on of car r i er tran sp ort by grai n 
b oundary p oten t i a l  bar r i er s .  

A major deposi ti on f actor i nf l uenc i ng Rs appear s t o  be t h e  bake-out 
c l ean i ng of the HWVE depos i t i on c h amber . The bake-out consi sts of 
heat i ng the uncover ed HWVE t ub e  to 750°C an d the substr ate f ur n ac e  to 
650°C f or 1 h r . Th i s  d r i ves r esi dual CdTe < wh i c h h ad conden sed i n  the 
end of the sour ce t ube and on the graph i te shutter hol der p ar t s >  and 
i mpur i t i es out of the tube . The CdTe condenses on an a l umi num f oi l c ap 
i n  the vacuum chamber and i s  removed f r om the syst em . For d ep osi t i ons 
d on e  i mmed i atel y af ter the b a ke-out the resi st i vi ty i s  l owest ; w i th 
succeed i ng depos i t i ons the r esi st i vi ty general l y i n creases 
subst ant i al l y . Bake-outs are n ow bei ng done between ever y 2 to 3 
deposi t i on s .  

Heat treat i ng samp l es i n  T e  vapor a t  500-5 1 0°C decr eases t h e  r esi st i vi ty 
b y  a f actor of 1 0  t o  200 i n  a l l cases stud i ed .  The decr ease i s  l arger 
f or l a�ger i n i t i al resi st i vi t i es [ e . g . � control samp l e  KF-5- 1 ( 44' 
ohm-cmL ) vs . HT samp l e  KF-5A ( 4  ohm-c mL ) comp ar ed w i t h  control samp l e  
KF-3 < 6  x 1 04 ohm-cm2 > vs. HT samp l e  KF-3A ( 308 oh m-cm2 > J . 
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TABLE I V .  SUMMARY OF CAPACI TANCE-VOLTAGE DATA 

SamQ l e R # AcceQtor densi ty: ·B.s fr om NA 
* 

<ohm-e m�> < 1 oi2f: e m  3> (ohm-cm2 > 
de Low f Hi gh f Low f H i gh f 

UD-9 1 A  359 ...,.. 8 0 . 4 ,j 

KF-5- 1 44 20 5 3 2 2 . 8 
-5A 4 23 7 1 . 5  1 . 4  6 . 2 

KF-6- 1 654 509 2 . 5 6 4 0 . 8 

.A 

KF-7s 2200· 1 700 59 0 . 2 0 . 3  35 
" ** 50 0 . 3 35 

KF-8s 1 240 1 2  1 A. 
-8L 6 2 2 

KF-9s 57 56 2 . 4 1 0  8 0 . 4 
-9L 24 1 2 . 1 7 5 0 . 6 
-9As 6 1 32 9 . 7 1 2  0 . 8 3. 9 
-9AL 406 1 32 2 . 6 0 . 4 8 . 4 

KF- 1 0s 200 0 . 9 1 0  0 . 1 

CK-6a 1 x 1 04 1 5  -.. 2 2 . 5 
-6b 1 x 104 8 3 2 . 6 

CK/KF-7 8000 5 4 2 . 8 

KF- 1 1 375 1 3  1 4  0 . 3 

These are resi stance val ues measured <a > i n  d e  f rom the max i mum sl ope 
of the J -V curves , and by the capac i t an c e  br i dge at ( b )  l ow 
f r equency <ca .  200 KHz > and <c > h i gh f r equen c y  < 1 -2 MHz > . 

* Rs ca�cul ated f rom the c arr i er d ensi ty measured by h i gh f r eq uency 
1 /C� vs V ,  an assumed QNR mobi l i ty of 50 c m2/ V-sec , and the samp l e  
th i c kn ess . 

** Same samp l e  30 d ays l ater . 

" s "  denotes smal l I n  area , " L " den otes I n  area about 4X l arger . 
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FURTHER ANNEAL I NG STUD I ES 
To gai n  f urther understand i ng of the el ectron i c  ef f ects of ampou l e 
ann ea l i ng on the HWVE f i l ms the f ol l owi ng quest i ons wer e addressed : 

1 .  the areal homogenei ty of the CdTe f i l ms ,  
2 .  the ef f ect of anneal i ng t i me on the f i l m  propert i es ,  
3 .  the ef f ect of c oo l i ng r ate < af t er ann ea l i ng >  on f i l m  propert i es ,  

and 
4 .  the ef f ects of var i ous anneal i ng amb i ents i nc l ud i ng vacuum , a i r ,  

Ar , and As . 
As much as p ossi b l e ,  f i l ms f r om the same depos i t i on were used f or the 
c ompar i sons .  Ex per i mental con d i t i on s  and resu l ts f or samp l es f rom the 
f our d eposi t i on runs used < 8 ,  26 , 27 , and 30 ) are shown i n  Tab l e  V.  

The major d i agnost i c  t ool f or these ex per i ments h as been the el ectron i c  
c h aracter i st i c s of I n  Schot t k y  d i odes deposi ted b y  vacuum evapor a t i on .  
I n  a l most al l c ases two I n  d ots < 0 . 5 and 1 mm i n  d i ameter , l arge and 
smal l ,  denoted L and S >  were p ut si de-by-si de on each samp l e  t o  check 
f or r eproduc i b i l i ty .  V0c val ues were measured t o  gi ve a rough est i mate 
of the d i ode qual i ty of the f i l ms .  Note however that the photogenerated 
c ar r i er col l ect i on is f rom outsi de the area of the I n  dot si nce t h e  I n  
i s  t h i c k  enough t o  be opaque . These V0c val ues are ex pected t o  b e  
r ough l y  507. of those f or an n -CdS/p-CdTe devi c e .  

The l og J v s  V c h ar acter i st i cs of severa l  o f  t h e  d i odes are shown i n  
F i g .  4 a l ong w i t h  data f or a s i mi l ar I n  d i od e  f ormed on a p -CdTe si ngl e 
c rysta l . The l at ter d i ode i s  a state-of -the-art devi ce f or our 
l ab oratory havi n g :  J0 1  = 2 . 5x 1 0-9 A/cm2 and A 1 = 1 . 75 f or the 
recomb i nati on /gener at i on t ransport mode and J02 = 1 x 1 o- 1 1 A/cm2 , and 
A2 = 1 . 00 f or the thermi on i c  mode wi th a c a l cul ated b arr i er hei ght of 
1 . 05 eV . Ex c ep t  f or Rs , the char acter i st i cs of the b est of the t h i n 
f i l ms d i odes are very si mi l ar t o  the si ngl e crystal devi c e .  

F i l m  h omooene i tv and reproduc i b i l i ty 
Eva l uat i on of the homogenei t y  of the f i l ms ,  made b y  c ompar i son o� 
adjacent I n  d i odes , showed the var i at i on to be r easonab l y  smal l and 
c on s i d erab l y  l ess than the var i at i on f rom samp l e  t o  samp l e .  Samp l es 
26- 1 and 26-2 , and 27- 1 and 27-2 were chosen f r om two deposi t i on s  < each 
w i t h  6 f i l ms > . The I -V char acter i st i cs of I n  d ots deposi ted on t h e  
f i l ms wi thout anneal i ng were measured and f ound t o  be reason ab l y  
s i mi l ar :  the t h i c ker f i l ms < -50 um > , samp l es 26- 1 and 26-2 , had de 
r esi stances of 600 to 1 800 ohm-cm2 , ac resi stances of 1 . 6  t o  21 ohm-cm2 , 
and c arr i er densi t i es of 3 t o  6 x 1 0 1 4  cm-3 • For the t h i n ner f i l ms ,  
27- 1 and 27-2 , the de resi stances were 97 t o  325 ohm-cm2 , the ac 
r es i stances wer e 2 t o  1 1 . 5  ohm-cm2 , and carr i er densi t i es were 5 . 7 to 
1 0 . 1 x 1 0 1 4  c m-3 . Var i at i ons between dots on the same f i l ms < e . g . , 
26- 1 8  and 26- 1 L >  wer e consi d er ab l y  smal l er than the var i at i on s  b et ween 
samp l es .  These resul ts are consi stent wi th those f or the major i t y  of 
t h e  un-anneal ed f i l ms previ ous l y rep orted . 
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TABLE S. CdTe FILM AMPOULE ANNEALING STUDIES 

8-1S 

8-1L 

8-2S 

8-21. 

26-1S 

26-1L 

26-29 

26-21. 

26-:SS 

26-:sL 

26-4S 

26-4L 

27-15 

27-1L 

27-29 

27-21. 

27-:SS 

27-:sL 

27-4S 

27-4L 

:S0-18 

:SQ-1L 

30-21. 

:so-:ss 

:S0-3L 

:S0-4S 

:S0-4L 

:S0-5S 

30-5L 

30-6L 

:so 

:so 

None 

None 

420 

420 

None 

None 

390 

390 

None 

1:5 

:so 

30 

:so 

:so 

* Quench rates1 

AalbiRnt Rutmch* 

Air Rapid 

Air Slow 

Te Rapid 

As+Te Rapid 

_Rapid 

• • 

Vac" Rapid 

Vac Rapid 

Vac Rapid 

Vac Slow 

Argon Rapid 

Argon Slow 

-!lot­
� 

_a1 

:5K1o-10 1.4 

Bxto-11 2. 7 

1x1--10 1.8 

2x1o-e :z.:s 

7x1o-7 2.4 

1.9 

1.9 

1.8 

1.4 

4x1o-7 

7x1o-8 1.8 

1. 9 

2.3 

1.9 

6x1o-10 1. 7 

1.8 

slow = � 1 °C/sec, rapid • � :50-100 °ctsec. � Without CdTe flakes in ampoule. 
With CdTe flakes. 

+ Measured after approximately 1 week of storage. 

J-y CURVES 

:5.6 

3.7 

1x10 3.6 

3.6 

6x1o-7 :s.o 

Yoc 
..JL 
0.2 63000 

0.21 113000 

0.2 476000 

0.2 103000 

0.34 

0.27 

0.3:5 

0.34 

0.07 

0.07 

o.o:s 

0.04 

o.:s 

o.:s 

o.:s 

o.:s 

0.02 

o.o:s 

0.09 

o.o:s 

0.16 

610 

670 

1900 

1200 

4700 

9000 

390 

4:50 

160 

96 

23:5 

32:5 

4:5 

33 

36 

30 

o.:s8 :s9o 
o.:s:s• 1960+ 

o.:se 1200 
o.34+ 3eoo+ 

0.13 174 
0.11• :soo• 

0.14 
0.06+ 

0.17 
0.11+ 

o.:se 2400 
o.:s:5+ 1727+ 

0.32:5 2400 
o.:s• i8oo• 

....B..c­
Sl-ce2 

3.:5 

:5.8 

7.3 

4.3 

1.6 

21 

4.0 

8.9 

121 

4.4 

:5.4 

2.0 

11.5 

2.6 

7.2 

2.9 

4.4 

3.8 

:s 

4.6 

0.86 

1.0:5 

1. 3:5 

1.9 

0.:54 

1. 0:5 

0.43 
0.4+ 

260 - 2.3 
940+ 

0.4 :soo 
o. 37+ -1140+ 

0.41 
0.36+ 

0.4 :578 
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2.8 

1.6 
2.1 

4.0 

0.4:5 

0.27 

0.32 

0.:51 

0.63 

0.41 

0.34 

0.49 

3.0 3.9 

4.1 4.2 

4.2 :5.:5 

3.0 4.:5 

1.6 1.:5 

1.9 1.4 

2.6 2.3 

1.9 1.8 

0.007 28 :5.2 

0.024 

1.1 

1.3 

1.0 

0.74 

0.83 

0.:57 

1.6 

1.3 

1.:5 

1.2 

2.1 

0.34" 

0.2 

1.9 

1. 7 

2 

1.6:5 

0.57 

0.58 

0.2:5 

0.17 

0.39 
0.23 

0.16 

3:5 28 

1.3 1.7 

1.3 2.1 

1.1 1.2 

1.3 1.3 

1.3 1.2 

1.6 1.3 

o.� 1.1 

1.0 1.2 

1.0 1.4 

1.1 1.4 

0.8 1.2 

2.4 1.9 

3.:5 2.4 

1.1 2.2 

1.2 2.1 

0.78 1.2 

0.87 1.2 

1.76 1.7 

1.77 1.8 

2.:5 1.5 

3.4 1.9 

2.3 1.9 

3.4 1. 7 
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Fi gure 4 .  Dar k , l og J v s  V character i st i cs of sel ected I n / CdTe d i odes . 
A l l are pol ycrystal l i n e ex cept f or < SX >  f or wh i ch t h e  CdTe i s  
si n g l e crysta l . 
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-· Anneal i ncJ" t ime ·· · . . .. · · , ,  ' "  � - .  · ·- · .  

To better desc r i be the ef f ect of ann eal i ng t i me on propert i es ,  severa l  
samp l es were ann ea l ed i n  vacuum f or consi derab l y shorter t i mes . 
Compar i son of t h e  propert i es of 30- 1 < un-ann eal ed ) ,  30-2 ( 1 5 m i n >  and 
30-3 ( 30 mi n >  wi t h  27-4 ( 6 . 5 hr > shows that the l argest p art of the 
ef f ect of anneal i ng has been accomp l i shed i n  15 mi n and af ter 30 m i n the 
propert i es are qui t e  si m i l ar to those ex i st i ng af ter 7 hrs.  

Quen ch i ng rate 
For the ear l i er ann eal i ng ex per i ments the ampou l es have been w i thdrawn 
r ather qui c k l y f r om the hot z on e  of the f ur n ac e , CdTe f i l m end l ast . As 
the ampoul e was pul l ed out of the f urnace i t  was r ap i d l y  quen ched by 
spray i n g  methanol on i t .  An est i mated cool i ng r ate f or t h i s pr ocess i s  
about 20 to 50°C / sec at h i gh temper atures . Th i s  may be compared wi th 
the cool i ng r at e  f or f i l m  deposi t i on wh i ch i s  about 1 °C/sec , est i mated 
f rom the rad i at i on l aw wi th an emi ssi vi ty of 0 . 9 i n  a vacuum . I n  order 
t o  f i nd what i f  any i nf l uence quen c h i ng r ate h ad on the anneal i ng 
process , severa l  samp l es were s l ow cool ed b y  wi thdrawi ng them sl owl y 
f rom the f ur n ac e , g i vi ng a cool i ng r ate of about 1 °C/sec . For the 
vacuum amb i en t  the sl ow cool i ng essent i al l y el i mi n ated the ef f ect of the 
anneal i ng and t h e  r esul t i ng f i l m  properti es were al most the same as 
t hose f or un-an n ea l ed samp l es < c ompare samp l es 30-3 and 30-4 ) . For ai r 
and Ar anneal s < see bel ow > there i s  l i tt l e  d i f f erence between t h e  
resu l t s  obtai n ed b y  r ap i d  and b y  sl ow quench i ng .  

Amb i ent 
Ear l y  ex per i ments were w i t h  f i l ms that h ad been ann eal ed i n  ei t her Te 
vapor or vacuum < � 1 o-6 Torr > and there was some c oncern ab out possi b l e  
l oss of CdTe f r om the f i l m  to other posi t i ons i n  the ampoul e  dur i ng 
anneal i ng .  Th i s  was evi denced i n  some cases b y  a decrease i n  f i l m  
t h i c kness of , f or ex amp l e , a l oss of �2 urn f rom a f i l m  i n i t i al l y 26 urn 
t h i c k ( #6 ) . Th i s  l oss was control l ed by a )  mai ntai n i ng a l evel 
temperature p r of i l e  dur i ng anneal i ng ,  b )  mon i tor i n g deposi ts i nsi de the 
ampoul e ,  and c >  p ut t i ng a smal l amount of CdTe f l akes n ear the f i l m  i n  

1·  the ampoul e .  The l atter means was tested usi ng 27-3 and 27-4 , f or wh i ch 
t her;:� was l i tt l e  d i f f erence i n  r esi stance or carr i er densi ty b etween 
" wi tn.-f l akes" and " wi thout-f l ak es "  samp l es .  

Perhaps more i mpor t ant were d i f f erences f or anneal i ngs i n  var i ous 
amb i ents. From t hese data there appears to be l i tt l e  consi stent 
qual i tat i ve d i f f erence between anneal i ng i n  vacuum and i n  Te vapor 
< e . g . , comp ar e  9 1 A , 1 A ,  5A , and 9A f rom the previ ous repor t  w i th 30-3 ) 

provi ded that quen c h i ng i s  rap i d .  The resi st i vi ty val ues ar e qui te 
comparab l e  and the c arri er densi t y  obtai n ed b y  vacuum anneal appears to 
be 2-3 t i mes h i gher than f or the Te anneal . * 

Four add i t i onal amb i ents:  ai r ,  Ar , As , and P ,  were al so eval uated . 
Anneal i ng i n  a i r ( samp l es 8- 1 and 8-2 > produc ed moderate decreases i n  
V0c but i ncreased Rs al most two or ders of magn i tude ,  i ndependent of 
quench i ng rat e .  Th i s  resul t c an be compared wi th the f i n d i ngs of T .  
Thorpe who f ound smal l i ncreases of al ong-the-f i l m  resi stance f or 
pol ycrystal l i ne CdTe on i n sul at i n g substrates [ Progress Reports # 1 1 ,  p .  
1 8 ,  and # 1 3 ,  p .  1 0 , and ref . 5 ]  on anneal i n g i n  ai r .  Thorpe ' s  f i- l ms 
h ad 
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consi der ab l y  h i gher bef or e-ann eal i n g resi st i v i t y ( b ef ore anneal : 2 x 1 06 

ohm-em , af t er anneal : 3 . 5 x = 1 06 
�hm-c m >  but a somewh at l arge� c ar r i er 

d ensi ty ( b ef or e  anneal : 1 0 1 �  cm-0 , af ter anneal 2 x 1 0 1 6  cm-0 ) .  

Anneal i ng i n  an i n ert atmosphere , Ar ( samp l es 30-5 and 30-6 ) ,  produc ed a 
more sat i sf y i ng r esul t .  The ampoul es wer e f i rst evacuated to � 1 0-6 Torr 
and then back-f i l l ed wi th about 0 . 1 atm of Ar b l ed i n  through a 
" Ox i c l ear " ™ pur i f i er wh i ch removed 02 and H20 to ppm l evel s .  Annea l i ng 
i n  Ar had the ef f ect of produc i n g smal l i ncreases i n  V0c wh i l e  reduc i n g 
Rs consi d er ab l y .  These ef f ects were i ndep end en t  of quenchi ng rat e .  To 
comp l ete our p i cture of the ef f ects of Ar ann eal i ng ,  anneal s of 60 mi n 
wer e done wi t h  both rap i d and sl ow quench i ng .  The val ues of d e  
resi stance Rd c  and carr i er densi t y  p were essent i al l y  t h e  same as f or 
the 30 mi n annea l s ,  but the V0c val ues f or the I n  d i odes were decr eased 
b y  30 to 60 mV . Th i s  suggests that the ef f ects of the Ar anneal ar i se 
f rom a comp l ex i nterp l ay of at l east two d i f f er en t  mechan i sms--one f ast , 
responsi b l e  f or d ecreasi ng Rs , -and the other sl ow ,  decreasi ng Voc · 

Anneal i ng i n  As vapor < wi th Te a l so present > r ed uced the V0c str ong l y  to 
0 . 025-0 . 04 V and on l y  moderatel y reduc ed the Rs . 

Anneal i ng i n  an ampoul e  wi t h  a smal l amount of Cd3P2 present < samp l e  
26-5 ) causes the CdTe f i l m  to f l ake of f of t h e  grap h i te substrate .  Th i s  
resul t was c onf i rmed wi th a second samp l e . 

I n i t i al ex per i ments on · annea l s i n  P vapor were done i n  the usual way by 
encapsul at i ng a P X  f i l m  samp l e  and a smal l amount of el emental red P i n  
a q uartz ampou l e ,  seal i ng ·  i t  of f under � 1 0-6 Torr vacuum , and t h en 
anneal i ng .  About 2 mg of P was used , ( 0 . 74 t i mes the wei ght of the CdTe 
f i l m > , enough to produce a P4 pressure of about 4 atm .  Af ter ann ea l i ng ,  
c l ear , amorphous d eposi ts appeared on the P end of the tube wh i ch turned 
yel l ow af ter some t i me .  On open i ng the tube and ex posure to a i r  these 
prod uced smoke ;  the depos i t s  were yel l ow P .  The c entral por t i on of the 
tube had no deposi t s .  Bef.or e  open i ng t h e  tube severa l  sh i ny ,  col ored 
d ep osi ts were vi si b l e  on the CdTe f i l m ,  much l i ke the g l az e  on pottery .  
These depos i t s  r emai n ed af ter the tube was opened , were not sol ub l e  i n  
H2o or methanol , and were not removed by a short anneal at 500°C i n  H2 • 
The deposi ts were part i al ly d i ssol ved i n  NH40H , but evi dence of a 
r eact i on of the d eposi t wi th the CdTe f i l m  was st i l l  vi si b l e . The 
d ep osi ts . mi ght b e  < a >  Cd3P2 or P2Te3 , ( b )  phosphat es or phosphi t es of 
Cd , or ( c )  un l i steq t ernary compounds of Cd , Te , and P .  The f i r st t wo 
c ompounds are possi b l e  cand�d�tes < they decompose on contact w i t h  moi st 
ai r but P2Tei, at l east , i s  r eported to be i nsol ub l e  i n  H2o or a l c ohol > .  
The phosphates and phosph i t es seem un l i ke l y because the presenc e  of 
yel l ow P i n  t h e  t ub e  dur i ng and af t er the annea l i ng woul d prec l ude the 
presence �f ox ygen . 

* . 
Samp l es 26-35 and -3L . ar e  atyp i cal . 
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To eval uate the ef f ect of d i f f usi on dop i n g d ur i n g deposi t i on ,  a 1 0  � 
f i l m of cu

' 
was deposi ted o

'n the graph ite 
'
substrate by vacuum evapor at i on 

p r i �r t� CdTe g r owth . Mi croprobe ��al ysi s conf i rmed the presen�e of Cu 
i n  the f i l m . Compar i son of samp l es wi th and wi thout Cu suggests that Cu 
g i ves a c onsi d erab l y  sma l l er through-the-f i l m resi st i vi ty but that the 
p r esenc e  of Cu is detr i mental to the d i ode char acter i st i cs .  I nd i um 
d i odes made on the Cu contai n i ng mater i al were l eaky , showi n g  l arge 
reverse b i as c urrent and l i tt l e  rec t i f i cat i on .  Anneal i ng i n  Te vapor 
reduces the resi st i vi ty somewhat but the I n  d i odes then show even 
smal l er rect i f i cati on rat i os .  , 

D I SCUSS I ON 
Because of the r ap i d  nature of the changes occurr i ng on anneal i ng i n  
var i ous amb i ents , i t  appears most l i kel y that the changes i n  resi st i vi ty 
of the f i l ms are due to chan g es occurr i ng at the grai n bound ar i es ,  
rather than i n  the bul k of the grai n s .  D i f f usi on of i mpur i t i es i nto the 
bul k � of the grai n s  at these l ow temperatur;::es and t i mes as short as 1 5  
mi n woul d appear to b e  un l i ke l y . * Probab l y  the most compel l i ng evi dence 
f or the grai n boundary hypothesi s i s  the l ow ac resi st i vi ty of a l l the 
f i l ms and the rel at i vel y h i gh c ar r i er densi t y  desp i te the h i gh 
r esi st i vi ty of the ai r-annea l ed f i l ms .  I t  does appear that anneal s 
wh i ch mi ght remove ox ygen f r om the grai n boundar i es < vacuum , Te vapor , 
As vapor , and , to a l esser ex t ent , Ar > cause decreases i n  resi stance 
whereas the ai r anneal causes i nc reases i n  resi stan c e .  

Most o f  the data i nd i cate that V0c decreeses str ong l y  as Rs i s  decreased 
by the var i ous annea l i ng s .  The Ar anneal i s  an ex cept i on to th i s  wi th 
V0c i ncreasi n g  a f ew tens of mi l l i vol ts and Rs d ecreasi n g  by an Qrder of 
magn i tude rel at i ve to the un-anneal ed samp l e� The Ar pressure may 
i n h i b i t  the rel ease of ox ygen by the grai n boundar i es because the Ar i s  
at much h i gher pressure ( 0 . 1 atm >  when gas tt-ansport i s  by d i f f usi on .  
However , the p art i al pressure of ox ygen i n  the Ar i s  l ow ,  comparab l e  to 
t h at i n  vacuum . The quest i on remai ns:  why then does V0c i nct-ease dur i ng 
the Ar ann ea l ?  

SOLAR CELLS MADE ON Te-ANNEALED CdTe 
I t  i s  of course cruc i al to f i nd out whether the decreases ' i n f i l m  
r esi stance obtai n ed b y  Te anneal i ng can be used to advantage i n  sol ar 
c e l l s  made f r om t hese mater i al s . Test structures f or eva l uat i on of 
Cd S/CdTe soi ar cel l s  ut i i i z i ng Te-anneal ed p -CdTe are shown i n  Fi g .  3 .  
T o  sat i sf y  SER I r equi rements f or del i verab l es f ul l si z e  1 . 2  x 1 . 2  cm2 

. "") . . 
g r aph i te substrat es were coated w i t h  1 em"'" of p -CdTe b y  the standard 
t ech n i que .  Samp l es were then e i ther anneal ed or n ot , wi thout c l ean i ng . 
Th en CdS was evaporated on about 3/4 of the p -CdTe area b y convent i on a l  
techn i ques i n  two l ayers , agai n wi thout c l ean i ng the CdTe . Usual l y  
ab out 24 hour s of ai r ex posure occurred between p rocessi n g  step s .  Af ter 

* However chem i cal d i f f usi on of vac anc i es i n  CdTe has been reported to 
be very rap i d t L 3 :-: 1 6'-7 c m2 /sec at 5oo°C ,  ex tr apol at

,
ed f r:om the d at a  

i n  K .  Z an i o ,  Semi conductors and Semi metal s ( � . K . Wi l l ardson a n d  A . C .  
Beer , eds . > ,  Vol . 1 3 ,  " Cadmi um Tel l ur i d e . " Academi c Press , NY < 1 978 > , 
p .  1 24 ] . 
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- CdS depos i ti on , ·an I n  gr i d  coveri ng abou� 4% of the CdS area was 
app l i ed .  Nex t , f our I n  dots , w i th area rat i os span n i ng a f actor of ten , 
were app l i ed d i r ect l y  to the remai n i ng 1 /4 area of p-CdTe to eval uate 
i ts carr i er densi ty . Unf ortunatel y the use of f ul l si z e  substrat es 
precl uded the use of d i rect c omp ar i son control samp l es .  The samp l es are 
KF- 1 1 ,  1 2A ,  1 3 , 24A , and 25A . Through-the-f i l m  resi st i vi ty measured f or 
the CdS/CdTe d i ode and f or al l the I n / CdTe d i odes f or each substrate 
were al most the same . Th i s  shows that the In d i ode i s  a rel i ab l e  
i nd i cator of the through-the-f i l m  resi st i vi ty f or the CdS/CdTe case as 
wel l �  Th i s  r esi st i vi ty was approx i matel y the same f or al l the f i l ms ,  
whether annea l ed or not , and was somewhat h i gher than the best 
un-ann eal ed samp l es ( such as KF-5 ) . Si nce t he ser i es r esi stance of 
these cel l s  woul d severel y reduce the sol ar ef f i c i ency < probab l y  to l ess 
than 37. ) , no ef f i c i ency measurements wer e don e .  

These part i cu l ar Te heat treatments d i d  not succeed i n  reduc i n g t h e  
r esi st i vi t i es o f  t h e  f abr i cated CdS/CdTe devi c es .  I t  i s  l i kel y that the 
vacuum anneal at 1 60°C f or about 30 mi nutes dur i n g CdS deposi t i on and 
sub sequent sl ow cool i ng i n  vacuum reversed the ef f ect of the Te anneal . 
On the other h and , the poor d i ode perf orman ce of the anneal ed samp l es 
sug g ests that these samp l es are atyp i cal and that there may b e  an 
un control l ed var i ab l e  i n  the ann eal i ng procedure ( e . g . , KF- 1 A  showed 
poor d i ode character i st i cs f or some un known reason , .�h i l e  the d i ode 
character i st i cs of KF-5A and KF-9A were ex cel l ent > 

Cel l s  KF- 1 1 ,  1 2A ,  1 3 ,  and 24A wer e sent to SER I as del i verab l es .  

CONCLUS I ONS 
1 . Anneal i ng ef f ects observed f or T = 500°C are qui te rap i d  wi th the 

greater p art of th� changes occurr i ng i n  15 to 30 mi n .  Th i s ,  and the 
l ow ac conduct i v i ty of the f i l ms suggest that most of the changes are 
oc curr i ng at the grai n boun d ar i es rather than i n  the bul k of the 
cr ystal l i tes . Thus mob i l i ty i ncreases dramat i cal l y  f or vacuum and Te 
anneal s wh i l e  the carri er d ensi ty remai ns con stant or decreases . 

2 .  Vacuum an d Te vapor anneal s decr ease the resi st i vi ty but al so 
decrease the V0c of I n /p-CdTe d i odes . The presen se of Te vapor 
appears n ot to have a l ar g e  ef f ect on the f i l m  proper t i es . 

3 .  Ai r anneal i ng substant i al l y i ncreases Rs and d ecreases Voc · 
4 .  Anneal i ng i n  el emental As vap or sharpl y r educes the V0c wh i l e  

reduci ng the Rs on l y  moderatel y .  
5 .  Anneal i ng i n  Ar i ncreases the V0c wh i l e decreasi n g  Rs . 
6 . Quen ch i ng rate has a strong ef f ect on the proper t i es of the vacuum 

anneal ed f i l ms but l i tt l e or no ef f ect on f i l ms anneal ed i n  Ar or 
ai r .  · 

7 .  The decreases i n  ser i es r esi stance af ter ann eal i ng ,  observed t o  be 
stab l e  Wi th the I n /CdTe devi ces , are apparent l y  l ost dur i ng the 
f abr i cat i on of CdS/CdTe devi c es and the l atter devi ces do n ot show a 
decreased ser i es resi stance when prepared on Te-anneal ed CdTe 
substrates . 
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n-CdS: l n/n-CdS/p-CdTe ·· 

Graphite 

Fi g .  5 .  Sol ar cel l test structure .  The ar ea of the n+-CdS : I n /n-CdS/ 
p-CdTe cel l port i on i s  def i ned by scr i b i ng· i ts edges . 
I n /p-CdTe test d i odes are deposi ted on a port i on of the p-CdTe 
masked of f dur i ng the CdS deposi t i on .  
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PHOTOVOLTA I C  DEV I CES 

Four photovo l tai c cel l s ,  of the type n +-CdS : I n /n -CdS : undoped / grap h i te 
wer e made usi n g  CdTe f i l ms KF-3 1 through 34 . Al l the CdTe f i l ms were 
p repared i n  the same way and were about 40 urn t h i c k . 

The cel l propert i es are l i sted i n  Tab l e  V I . Al l f our cel l s  had l arge 
ser i es resi stance Rs , at l east p art i al l y  bec ause of the th i c k  CdTe 
l ayer . Pl ots of l og Jsc vs l og photon f l ux revea l ed that Rs was l arge 
enough t o  reduce the Jsc and that the true l i ght g enerated current was 
approx i matel y 1 5  mA/cmL . Cel l PS-4 h ad a r ather smal l shunt resi stance 
Rp i n i t i al l y . Several poten t i al shorts were f ound wi th opt i ca l  
m i croscopy < 200x > wh i ch appeared to be voi ds i n  the CdTe l ayer . One of 
the poten t i al shorts l ay on a c enter l i ne·  of PS-4 and so the cel l was 
d i v i ded i nt o" t wo h al ves < PS-4- 1 and PS-4-2 > . Th i s  caused the Rp to 
i n crease by a f actor of 3. 

For PS-3 and PS-4 the V0c val ues were respectab l e ,  0 . 668 and 0 . 68 1  V ,  
the dar k  and l i ght J vs V c urves were si mi l ar ,  and superposi t i on hel d 
approx i matel y .  

Samp l e  Jo 1  

1 0-9 A/cm2 

PS-3 1 

2 . 5 

PS-4A ( 3 )  

PS-4- 1 

PS-4-2 0 . 8 

2 . 5 

TABLE V I . PHOTOVOLTA I C  DEV I CES 

A 1 · 
Jo2 A2 

1 0- 1 3  A/cm2 

1 . 8  ( 2 )  ( 1 .  0 )  

1 . 8  

( 1 .  8 )  

1 . 8  ( 2 )  ( 1 .  0 )  

1 . 8  ( 0 . 4 )  ( 1 .  0 )  

Rs 

Q ? 
-em-

940 

3800 

1 240 

500 

R p 

1 06 Sl-cm2 

1 . 5  

0 . 09 

0 . 4 

Jsc voc 

mA/cm2 
_v 

__ 

7 . 84 0 . 67 

9 . 74 0 . 68 

5 . 62 0 . 65 

9 . 4 0 . 67 

( ) I n d i cates val ues are suf f i c i ent ( but n ot n ecessar y )  . to sat i sf y  
curve f i tt i ng o f  d at a .  

PS-4- 1 and PS-4-2 are two hal ves cut f rom PS-4 . 
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ZnD DEPOS I T I ONS 

I n  the l i terature f our methods of deposi t i on of ZnO are d i scussed : 
react i ve sputter i ng of Z n  i n  0? , chemi cal vapor transport usi ng H2 
mi x tures as tran sp ort gases , spr ay pyrol ysi s of H?O sol ut i ons of z i nc 
acetate or n i trate , and i n  si tu ox i dat i on of a previ ousl y deposi ted Z n  
f i l m . The l atter three of these methods h ave the d i sadvantage that h i gh 
substrate temperatures are requi red , ca.  400-500°C .  The f i r st meth od , 
sputter i ng , can a l ter the i nter f ace propert i es by i on i mpact damage . A 
f i � th method , l i tt l e  d i scussed i n  the l i ter atur� , i s  reactive 
evaporat i on, ,  wh i ch has the advant age of l ow substrate temperatures and 
i mmed i ate control of carr i er densi ty by o..., pressure .  L 

For our i n i t i al t r i al s the compound ZnO was evaporated f rom an a l um i n a  
coated W boat sourc e .  The reg i on between t h e  sourc e  and ·· the substrate 
was enc l osed by a c y l i ndr i ca l  quartz sh i el d  t o  hel p contai n the unused 
f l ux .  The substr ate heater was n ot used but b ot h  the substrate and the 
quartz cyl i nder were heated by r ad i at i on dur i ng the dep osi t i on ;  the 
max i mum substrate temperature i s  est i mated at not over 1 50°C .  The f i rst 
run , wi thout o2 i nput to the bel l j ar ,  was a rel at i vel y br i ef deposi t i on 
wh i ch yi el ded n o  v i si b l e  f i l m on the substrate�b ut a b l ac k  l ayer on the 
quartz cyl i nder . The second run , wi th 2 x 1 0-� Torr of o..., mai ntai ned at L 
the i on g auge p osi t i on ,  was of about 20 min durat i on and yi el ded a 
transparent ZnO f i l m  wi th a t h i c kness of about 0 . 5 urn < measured by a 
quartz crystal th i c kness mon i tor > and a 4 poi n t  resi st i vity of 1 700 
ohm-em. Dur i ng th i s  run the p or t i on of the b l ac k  f i l m on the i nsi de of 
t h e  quartz cyl i nder ad j acent to the sourc e  b ecame transparent . Th i s  f i l m  
was vi si b l y  much t h i c ker than that on the substr ate . Resi st i vi ty 
measurements usi ng two poi nt c ontacts were t aken at var i ous p osi t i ons 
a l ong the ax i s  of the cyl i nder g i vi ng resi stances varyi ng f rom 50K ohms 
t o  1 3  ohms that suggest a tran si t i on al ong the tube f rom ZnO t o  al most 
metal l i c  Zn . A t h i rd run usi ng two i ncrements of 20 mi n each , but wi th 
no ex ternal o2 sup p l y  yi el ded a transparent f i l m  about 0 . 4 urn th i c k and 
w i th a resi st i vi ty of 1 60 ohm-e m .  < The si z e  of the ZnO source l i mi ted 
the durat i on of the dep osi t i on > . 

By control l i ng the rel ati ve mag n i tudes of the f l ux es of Zn and 02 we 
shoul d be ab l e  t o  c ontrol the stoi c h i ometr y  of the ZnO and hence the 
r esi st i vi ty .  Z n O  i s  a defect semi conductor wi t h  t h e  carri er densi t y  
determi ned by 0 vacan c i es .  The geometry of the deposi t i on setup i s  one 
of the f actors that i nf l uences the f l ux es at the substr ate posi t i on .  I n  
the exper i ment above , the d i rect , l i n e-of -si ght f l ux es of Z n  and �0� L 
f rom the sourc e  t o  the substrate are probab l y  about equal . Fl ux es of Z n  
t o  t h e  cyl i nder a r e  most l y  condensed < ex cept i n  p osi t i ons where i t  i s  
h ot > , wh i l e  the 02 f l ux i s  most l y  ref l ected . The ref l ected o2 f l ux adds 
t o  the d i rect f l ux at the substrate g i vi ng an ex cess of o2 at the 
substrate and produc i ng a rather h i gh resi st i vi ty f i l m . The absol ute 
magn i tudes of the f l ux es are a l so i mp ortant ; at h i gher f l ux es and /or 
l ower substrate temperatures the f ormat i on of ZnO i s  control l ed b y  the 
react i on rate at the substr ate sur f ace and , i f  the subtrate i s  cool , o2 
escapes f rom the sur f ace pref eren t i al l y  because of i ts h i gher vapor 
pressure and the resul t i ng f i l m i s  Zn r i ch .  At l ower f l ux es and / or 
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h i g her substrat e  temperatures the f ormat i on i s  control l ed to a greater 
degree by the ar r i val rates and the f i l m  can be more stoi c h i ometr i c .  
Th i s  i s  why the f i l m  on the c y l i nder tends to be b l ac k  < Zn r i ch )  i n  i ts 
cool reg i on s , wh i l e  a tran sp ar en t  f i l m  < more stoi ch i ometr i c )  i s  f ormed 
on the substr ate wh i ch i s  f arther away and on the c l oser p ort i on s  of the 
cyl i nder wher e i t  i s  heated more strong l y  by the sour ce heater . 

Our e>: per i ence suggests that n uc l eat i on i s  tenuous f or th i s  syst em , and 
the si tuat i on abrupt l y  swi tches f rom no f i l m  at al l to a rel at i vel y 
t h i c k  f i l m . 

The means of control that we h ave wi th the ex i st i ng system are several : 
( a )  the o� part i al pressure i n  the bel l j ar , by means of a l ea k  val ve , 
( b )  the h�i ght of the cyl i nder , wh i ch shoul d regul ate the ex cess o2 f l ux ,  ( c ) the mag n i tude of the Zn and o� f l ux es < usi ng a ZnO sourc e >  by L 
the source temperature , and /or ( d )  the Z n  pressure by usi n g  an e l emental 
sour ce of Zn rather than or i n  c on j unct i on wi th a ZnO source.  

CONCLUS I ONS 
Di rect vacuum evaporat i on of Z n O  i n  a control l ed pressure o2 envi r on ment 
appear s promi si n g . By opt i mi z i ng the ZnO sour ce si z e  and conf i gurat i on 
an d the cond i t i on s  f or act i vat i ng the sur f ace react i on at the sub strate , 
thi c ker f i l ms w i th control l ab l e  el ectron i c  propert i es shoul d b e  ab l e  to 
be deposi ted .  

ZnTe F I LMS AND DEV I CES 

SUMMARY 
Because of i ts p ossi b l e  app l i c at i on as a component i n  mul t i -band gap 
sol ar cel l s  based on I I -V I  c ompounds and as a i nter l ayer i n  ohmi c 
contact to p-CdTe , the photoel ectron i c  character of pol ycrystal l i ne 
p-ZnTe f i l ms deposi ted on gr aph i te substr ates b y  HWVE was ex p l or ed . 

SAMPLE PREPARAT I ON 
ZnTe f i l ms wer e deposi ted on grap h i te substrates usi n g  the same 
techni ques as used f or the CdTe previ ousl y reported [ e . g . , PR #22] . The 
source mater i al was un-doped si n g l e crystal ZnTe grown by the Crystal 
Syn thesi s Labor atory at the Center f or Mater i al s  Research here at 
St anf ord . The vapor pressure of ZnTe i s  consi derab l y  l ower than that of 
CdTe , and we dec i ded to i ncrease growth t i me rather than al ter i ng the 
temperature prof i l e  in the h ot-wal l deposi t i on cel l .  The d i f f erence i n  
growth rate i s  about a f actor of 50 at a sour ce temperature of 646°C and 
a substrate t emperature of �600°C .  The growth t i me was i n creased by a 
f actor of 1 0  t o  g i ve f i l ms about 1 0  um th i c k .  The standard n uc l eat i on 
and f i l m  growth temperatures were used an d no dop ants were i ntrod u�ed 
dur i n g the deposi t i on .  

· 
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The fol l owi ng f i l ms and devi ces were among those dep osi ted and 
const i tuted the f i nal set of del i verab l es • . 

TABLE I .  ZnTe DEV I CES 

Number Deposi t i on W i n dow and /or devi c e  

KF-48 CdTe/ Zn Te/graph i te CdS < doub l e  l ayer > p l us I n  dots 

KF-49 ZnTe /graph i te CdS < doub l e  l ayer > p l us I n  dots 

KF-50 ZnTe /graph i te None 

KF-5 1 ZnTe /graph i te None 

MEASUREMENTS 
Devi ces were made usi n g  the ZnTe f i l ms f or prel i mi nary eva l uat i on as a 
sol ar cel l comp on en t  mater i al . Schottky d i odes were f ormed by 
d eposi t i on of In t o  eval uate d i od e  f ormat i on ,  t o  measure c arr i er densi ty 
b y  C-V anal ysi s ,  and to measure through-the-f i l m resi st i vi ty .  The I n  
d i odes had somewhat sof t f orward J-V character i st i c s  wi t h  h i gh ser i es 
resi stance Rs . Typ i cal val ues are J0 = 8 x 1 0-6 A/cm-2 wi th an A f actor 
of 2 . 2 and Rs = 90 ohm-cm2 at 0 . 5 V f orward b i as .  The ser i es r esi stance 
t yp i cal l y  d ecreased wi th i ncreasi ng f orward b i as ,  e . g . , to about 9 
ohm-cm2 at 5 V .  Capac i tance-vo l t age measurement of one of the d i odes at 
1 MHz y i e l ded a c arri er densi t y  val ue of NA = 2-3 x 1 0 1 5  c m-3 and an ac 
through-the-f i l m  resi st i vi ty val ue of Rae = 3 . 4 ohm-cm2 • The l atter 
measurement g i ves an est i mate of the bul k r es i stance of the grai n 
i nter i ors b y  removi n g  the ef f ects of the grai n b ound ar i es and contac t s .  
Usi ng NA and Rae ' w e  obtai n a mob i l i ty val ue o f  � 1 c m2/V-sec , probab l y  
grai n bound ar y  l i mi ted . 

A sol ar cel l {con f i gurat i on < I n g r i d ) /n +-CdS : I n /n-CdS/p-ZnTe/grap h i te} 
was made by vacuum d e�osi t i on of CdS wi th a t otal th i c kness of about 
2 urn . Under 96 mW/cm si mul ated AM 1 . 5 , t h i s g ave V0c = 0 . 1 9 1  V and 
J5c = 0 . 04 mA/cm2 • 

Contacts of Au app l i ed to the ZnTe f i l ms on graph i te yi el d comp l etel y 
ohmi c beh av i or f or through-t he-f i l m  transport i n  both d i rect i on s  and 
g i ve resi st i vi t i es of � 0 . 2 ohm-cm2 ( bu l k resi st i vi ty = 200 ohm-em ) . 

A sol ar cel l w i t h  the conf i gur at i on < I n g r i d ) /n +-CdS : I n /n-CdS/p-CdTe/ 
p-ZnTe/graphi t e J  was made by vacuum deposi t i on of CdS wi th a t otal '") 
t h i c kness of about 2 urn . Und er�96 mW/cm� si mul ated AM 1 . 5 , t h i s g ave V0c 
= 0 . 5 1 2  V and Jsc = � 0 . 1 mA/cm4• I n  th i s  c ase the l i ght-generated 
c urrent was severel x l i mi ted b y  the ex tremel y h i gh ser i es resi st ance , 
R5 = 3 x 1 05 ohm-cm4 • Measurement at l ow l i gh t  i ntensi t i es showed that 
the ex cessi ve ser i es resi stanc e  was at f aul t and , b y  ex trapo l at i on , that 
the i ntri nsi c l i ght-current generat i ng capac i ty of the cel l was n ear 
n ormal . I nd i um Schot t k y  bar r i ers f ormed on the same f i l m  
< I n /p-CdTe/p-ZnTe > show si mi l ar h i gh ser i es resi stanc e  val ues . 
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D I SCUSS I ON - DEV I CES ON ZnTe 
Usi n g  t h e  h an d b o o k  val ue of t h e  wor k f un c t i on of I n  ( 4 . 1 eV > and t h e  
e l e c t r on af f i n i t y value f or ZnTe o f  3 . 7 eV , t h e  Sch ott k y  bar r i er h e i g h t  
f or t h e  I n / p -ZnTe j unc t i on i s  � 1 . 8  eV . Thus on e ex p ec t s  t h e  t h e r m i on i c  
emi ssi on c omponent of j unc t i on cur r ent t o  b e  ver y smal l .  However the 
t h e  b ar r i er to mi n or i ty c ar r i er i n j ec t i on i n t o  t h e  d ep l et i on l ayer i s  
sma l l ,  0 . 4 eV , and , g i ven t h e  p o l ycrystal l i n e n ature of the ZnTe , t h e  
m i n or i t y rec omb i n at i on-gener at i on current i n  t h e  d ep l et i on l ayer i s  
l i k e l y to b e  qui t e  l ar g e .  From t h e  r esul t s  above t h i s app ear s t o  b e  the 
c ase . 

For t h e  CgS / ZnTe h et er o j un c t i on t h e  p r ed i cted J sc f or AM 1 . 5  i s  
l a 5  mA/ cm� , a f ac t or of ab out 40 l ar g er t h an t h at ob served . The l i ght­
gener ated current was n ot l i m i ted b y  ser i es r es i st anc e i n  t h i s  c ase , so 
i t  must be c onc l uded that the d i f f us i on l en g t h  i n  the Zn Te i s  ver y short 
and / or that there i s  consi derab l e  l oss of p h ot o g enerated carr i er s  at the 
i n ter f ac e .  T h e  l at t er conc l us i on i s  l i k el y bec ause o f  l ar g e  l at t i c e 
m i smatch � an d  t h e  r e l at i ve l y l ow e l ectr i c  ·f i e l d  at t h e  i nt er f ace . The 
smal l V0c i s  un derstandab l e ,  g i ven that the j un c t i on d i f f us i on v o l tage 
i s  l i m i t ed t o  ab out 0 . 8 V by the p r ed i c t ed conduc t i on band d i s­
c on t i n u i ty .  From ex trapol at i on of t h e  i l l um i n at ed J-V character i st i c s ,  
V0c = 0 . 42 V i s  p r ed i c t ed f or J sc = 20 mA/ c m2 . 

The ohmi c ,  l ow resi st an ce b eh av i or of t h e  Au contac t  on ZnTe / g r ap h i t e 
sug gests that both Au and graph i te mak e  ex c e l l ent ohm i c contacts t o  
p-ZnTe even at t h ese moder at e l y l ow carr i er d en s i t i es .  Th i s  i s  i n  
agr eement wi th t h e  b ar r i er h e i g h t  of � 0 . 3 eV , p r ed i c t ed b y  t h e  e l ec tron 
af f i n i t y �nd wor k f un c t i on .  

For t h e  CdS/Cd Te / Z nTe / g r aph i t e c e l l , the h i g h  ser i es resi stan c e  w h i c h  
l i m i t s the l i g h t -g en er at ed c ur r ent i s  cert a i n l y  d u e  i n  part t o  t h e  l arge 
CdTe t h i c kn ess , 50 urn , b ut t h e  l ar g e  magn i t ude of Rs sugg ests t h at a 
b l oc k i n g bar r i er may b e  f or med b etween t h e  p -CdTe and the p -ZnTe . 
Never -the-l ess , we f eel t h at t h e  i nt r od uct i on of a th i n  i nt er l ayer of 
mor e h i gh l y  doped p - ZnTe at a met al or g r ap h i t e j un c t i on w i th p-CdTe i s  
a good p ossi b i l i ty f or mak i n g a l ow resi st ance contac t .  

CONCLUS I ONS 
1 .  Th e d i od e  c h ar acter i st i c s of the I n / ZnTe d ev i c e  are n ot g ood b ec ause 

of ex cess i ve mi nor i t y c ar r i er t r ansport , s i n c e  t h e  h i gh Schot t k y  
b a r r i er provi des ready acc ess f or t h e  mi nor i ty c ar r i ers t o  t h e  grai n 
b oundary stat e s .  

2 .  T h e  potent i a l o f  p - Z n Te a s  a n  oh mi c contact f or m i n g  i nt er l ayer at 
p -CdTe c on t ac t s  i s  p r oiD i s i n � ,  s i n c e  even at t h e  r e l at i vel y l ow 
c ar r i er den s i t y  of 1 0 1 � e m-� ,  i t  makes g ood ohmi c c on t act to b oth Au 
and graph i t e .  
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POLYCRYSTALL I NE F I LM CHARACTER I ZAT I ON 

As a corol l ary t o  the ear l i er grai n boundar y  GB wor k wh i ch concentrated 
mai n l y on b i crysta l s ,  a smal l ef f or t  was d i rected toward el ectr on i c  
character i z at i on of pol ycrystal l i ne p-CdTe f i l ms deposi ted on a l umi n a  
substrates. These f i l ms wer e deposi ted by HWVE usi n g  t h e  same 
techn i ques as desc r i bed i n  previ ous reports . Measurements of 
across-the-f i l m  resi st i vi ty versus temper ature and i l l umi n at i on were 
made and these data were anal ysed usi ng a gen era l  GB el ectron i c ·  
transport mode l . 

SAMPLE PREPARAT I ON AND MEASUREMENT 
The samp l e  preparat i on i s  as desc r i bed previ ousl y < a l so see PR#22 ) and 
the physi cal and el ectron i c  char acter i st i cs rep orted here are a t yp i cal 
subset f or these growth parameter s .  Typ i c a l  val ues f rom ear l i er 
measurements are : 

Th i c kness 
Grai n si z e  
Resi st i vi ty < de , through-the-f i l m >  
Resi st i vi ty < ac ,  1 MHz , TtF > 
Carr i er d ensi t y  ( 1 / C2 > 
Dep l et i on l ayer wi dth < I n /p-CdTe > 

30 
4 - 1 0  II:" 
3 X 1 0.J 
1 300 
0 . 5 X 1 0 1 5  

1 . 8  

J-lm 
pm 
ohm-em 
ohm.:....cm 
c m-3 

pm 

These f i l ms were d eposi ted concurrent l y  on al umi n a  and · h i gh ·  pur i ty 
graph i te substr ates and the resu l t s  reported here are f or the a l umi na 
group . Deposi t i on cond i t i ons are shown i n  Tab l e  V I . 

Semi -ohmi c cont.act s of Au were app 1 i ed i n  a f our str i pe p at tern b y  VE . 
Across-the-f i l m  < AtF>  resi stanc e  was measured usi ng the f our poi n t  
method w i th a d i f f erent i al vol tmeter wi th > 1 0 1 3  ohms i nput resi stance . 
Measurements were made versus temperature i n  the dar k  and w i t h  i r  
f i l tered tungsten i l l umi nat i on of - 2 suns .  The I -V char acter i st i cs of 
the f i l ms show the t yp i cal I � si nh < V >  shape assoc i ated wi th GB 
transport , Fi g .  6 .  The z ero b i as resi stance o f  two o f  t h e  f i l ms ,  

-:r 
p l otted i n  Fi g .  7 versus 1 0�/T , show wel l def i ned act i vat i on energ i es of 
0 . 72 eV f or #20 and 0 . 66 eV f or #2 1 i n  the dar k .  Near room temperature , 
i l l umi nat i on r educ ed these act i vat i on energ i es t o  -0 . 2  eV . At h i gher 
temperatures the i l l umi nated act i vat i on energ i es i ncreased toward the 
dar k val ues . At the h i ghest temperatures used < -440°K >  there was l i t t l e 
d i � f erence between the l i ght and dark resi st i vi t i es .  The el ect r i cal 
c haracter i st i cs are summar i z ed bel ow . 

ELECTRON I C  PROPERT I ES OF PX SAMPLES 

DARK L I GHT E < eV )  
SAMPLE R < 1 05.0. > . Q ( 1 05 .Q.-cm > R < 1 05 S?. > o < 1 05 .n -c m >  D/L DARK L I GHT .. .I 

#20a 240 1 2  0 . 46 0 . 022 5 1 6  0 . 72 0 . 1 8  

#2 1 80 4 0 . 4 0 . 02 1 76 0 . 66 0 . 1 5  

D/L i s  dar k / l i gh t  res i stance r at i o . 
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TABLE V I .  CdTe F ILM DEPOSIT IONS - GROWTH PARAMETERS 

NUCLEATION FINAL GROWTH 
Sa1ple 6ro11th Source CdTe Substrate 6ro11th Substrate Gro11th Fi l l  Apearent 

No. Date Boule  Teap Te1p. Tile 1!!L. Tile Thi c kness Grain size 
! °C l  ! °Cl lminl (oC) (linl  JJ!!l � 

========= 8/5/85 =============== Syste1 bake-out ==== =========================================== 

KF-20al 8/b/85 b4b 518 4 5951 16 

KF-20gr 8/b/85 b4b 518 4 5951 16 

KF-21al 8/7/85 b4b 518 4 5951 16 

KF-21gr 8/7/85 b4b 518 4 5951 16 

KF-22al 8/7/85 646 518 4 5951 16 

KF-22gr 8/7/85 b4b 518 4 5951 16 

KF-23al 8/8/85 b46 518 4 595 16 

KF-23gr 8/8/85 646 518 4 595 16 

§ Esti aated te1perature. Substrate TC broken; temperature aeasured at 

3.08-6 

� l .Oe-6 
..., 

� O.Oe+O 

i - l .Oe-6 
� 

-2.0e-6 

-3.0e-6 

IPX Sample KF-2 1 A  I 

....r:::lll � � 
� p 

v 
� 

/ 

v 

50-bO 

b0-70 

50-60 20 

60 

substrate furnace l i ner . 

L 
/ 1/ 

- 1 25  -100 -75 -50 -25 0 25 50 75 100 1 25  
VOLTAGE (Y) 

Fi g .  6 .  Current-vol t age char acter i st i c  f or samp l e  #2 1 a l  at 25°C i n  
dar k .  
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Fi g .  7 .  Dar k and i l l umi nated r esi stance vs . 1 03 /T f or samp l es #20 and 
#2 1 .  
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D I SCUSS I ON 
The act i vat i on ener g i es measured here are c onsi stent wi th those measured 
by oth er wor kers f or si mi l ar f i l ms and b i crystal s ( 5 )  and f i l ms < 1 0 ) " 
For the r ange of carr i er densi t i es NA f rom 1 0 1 5  to 1 0 1 7  cm-3 , the r ange 
of measured act i vat i on ener g i es f or p-CdTe i s  0 . 4 to 0 . 6 eV , f rom the 
above pub l i cat i on s .  Gi ven the typ i cal NA val ues � 1 o 1 5  cm-3 f or the 
present ser i es of f i l ms ,  the GB dep l et i on wi dth shoul d be on ·the order 
of 1 um , or about 0 . 1 of the grai n si z e .  Thus the grai ns are on l y  
p art i al l y dep l eted by the GB potenti al barr i ers and the resi stance of 
the f i l ms i s  control l ed al most total l y  by the GB b ar r i ers rather t h an 
the bul k resi st i vi ty i nsi de each grai n .  < A  si n g l e crystal of t h i s 
car r i er densi ty woul d have a resi st i vi ty of � 1 00 ohm-em. > 

I n  the dar k
6 

the al ong -the-f i l m AtF resi st i vi t i es of these f i l ms are 4 
and 1 2  x 1 0  ohm-em , about a order of mag n i tude h i gher than the t yp i cal 
through-the-f i l m TtF val ues measured f or prev i ous devi ces f rom the h i gh 
f orward-b i as sl opes of the I -V data f or I n /p-CdTe/gr aph i te d i od es .  Th i s  
d i f f erence ar i ses f rom the col umnar char acter of the grai ns , wi th thei r 
l ong ax i s  perpend i cul ar to the substrate. For the AtF measurement more 
grai n boundar i es must be traversed by the c urrent than f or the TtF 
measur ement .  

The I V  p l ot of Fi g .  6 shows that si g n i f i cant b r eakdown of the l i n ear 
character i st i c  does. not occur unt i i b i as vol tage across the V probes 
reaches � 1 00 V. Gi ven the grai n si z e  of th i s  f i l m  < �20 um > and the 
p robe spac i ng , th i s  means that each grai n bound ary has �3 V across i t  at 
1 00 V total b i as ,  al most al l of thi s bei n g  across the reverse b i ased 
hal f of each GB potenti al barr i er .  Thus the densi ty of GB states i s  
l arg� enough t o  substant i al l y p i n  the Fermi l evel i n  the f orward b i ased 
hal f of each barr i er .  The d ensi ty of charge at the GB i ncreases 
st rongl y wi th app l i ed b i as and prevents the ef f ect i ve barr i er f rom bei ng 
reduc ed very much by the app l i ed b i as < see f or e . g . , a ,  p .  373 > . I n  
th i s  case the conduct i vi ty act i vat i on energy i s  g i ven approx i mate l y b y  

= 

where the d0g b /dT term can b e  t aken to b e  of the order of the var i at i on 
of the band gap w i th temperature ( about -0 . 0003 eV/°K f or CdTe > . 

A one-d i mensi onal computer model f or GB el ectron i c transport was 
f ormul ated as an ex tensi on of the model presented ear l i er [ 2 ]  to the 
i l l umi nated case . .  I n  es�ence , f or t h e  d ar k  c ase t h e  program f i nd s  t h e  
GB barr i er hei ght ( measured f rom the Fermi l evel ) f or wh i ch t h e  c harge 
on the GB states < those above the Fermi l evel f or p -type> ex act l y  
bal ances the dep l et i on l ayer charge between the b ar r i ers .  For the 
i l l umi nated c ase , a " shel l "  around the dar k  case program f i nds the 
ener gy d i f f erence between the el ectron and hol e quasi -Fermi l evel s such 
that the Shoc k l ey..:..Read-Hal l recomb i n ati on through the grai n bound ary and 
bul k recomb i n at i on c enters ex act l y  bal ances the photogenerat i on i n  the 
l ayer . Wh i l e  such a program i s  somewhat i nex act , b ec ause of i ts one 
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d i mensi onal nature and f or other reasons , i t  c an g i ve si gn i f i cant 
i nsi ght i nto the processes i nvol ved i n  transport . Whereas the c ar r i er 
densi ty , grai n si z e , d ar k  and l i ght resi st i vi ty ,  and thei r var i at i on 
w i th temperature are qui te ex act ex per i mental i nputs , the GB state 
d i str i but i on and i ts recomb i nat i on behavi or are der i ved c i rc umstant i al l y 
and are thus possi b l y  i nex act . I n  Fi g .  8 i s  p l otted a c omputer model ed 
r esi st i vi ty versus 1 03 /T curve usi n g  the propert i es of samp l e  #2 1 a l on g  
w i th i ts measured resi st i vi ty d at a .  The best f i t  f or the dar k c ase 
r esi st i vi ty magn i tude and act i vat i on energy was obtai ned usi n g  a 
tri angul ar GB state d i stri but i on w i th Ngb t aper i ng f rom 2 . 6 x 1 0 1 1  to 0 
c m-2-ev- l between 0 . 66 and 1 . 1 0 eV f r om the val ence b an d .  For th i s  
temperature r ange the Fermi l evel l i es j ust above the l ower edge of the 
GB state d i st r i b ut i on .  The der i ved val ues of the grai n boundary b arr i er 
hei ght 0gb ' d i f f us i on vol tage Vg b ' conduct i vi ty act i vat i on energy E0 , 
and the resi st i vi ty are qui te i nsensi t i ve to the ex act shape. of the 
d i st r i but i on .  Al l that matters i s  the total number of charged states 
above the Fermi l evel . Wh i l e  t h i s doesn ' t  hel p us much i n  determi n i ng 
the Ngb d i str i but i on g i ven th i s  sma l l range of exper i mental d at a ,  i t  
does al l ow us t o  test d i st r i but i ons obtai ned by other means < such as 
d econvol ut i on of the l arge b i as I -V c urves , or b i crystal capac i tance 
measurements> . 
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APPEND I X  

A c <>mputer program l i st i ng " GBvsT " f or comput i ng grai n boundary 
transport parameters vs temper ature i s  attached . The program i s  wr i tten 
i n  BAS I C  2 . 1 f or the Hewl ett-Pac kar d 98 1 68 c omputer . Semi conductor 
propert i es and grai n boundary par ameters are i nserted d i rect l y  i nto the 
program i n  l i nes 1 70 through 7 1 0 .  Spec i al attent i on must be pai d to the 
accur acy test parameter on l i nes 200 < wh i ch shoul d be set to 0 . 000 1 or 
l es s >  and the prefactor on l i ne 3270 wh i ch determi n es the step s i z e  i n  
t h e  Si mpson ' s  rul e i ntegrat i on of the GB states . I t  shoul d be set to 2 
f or rough surveys and 5 or greater f or f i na l  run s .  I ncreasi n g  t h e  
l at ter parameter i nvol ves t h e  most ex tra comput i ng t i me .  

The program i s  avai l ab l e  o n  3 . 5 "  d i sc upon request . 
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!: *** " GBvsT2 II *** 2 / 5 / 87 � 1 /30/87 , 1 / 2 5 / 87 , 1 / 2 2 / 87 , 1 0/ 2 / 86 

! G r a i n  boundary t r ansport mode l : t r ansport p aramet ers vs t emperature 
f or t h e  dar k case . 

! > > > > > > > > > '> >  NOTE ! ! ! !  GRAPH2 1 MUST BE PRESENT < < < < < < < < < < < < < < <  

! ==================-----
Pr i nt =O 

------====CONSTANTS====------------======================== 

Pr i n t 1 =0 
' 0 '  d e l etes most runn i n g commen ts 
' 0 '  del etes a l l t h e  rest e x c ept Na 

SET T I ME 0 
Ti meo=T I MEDATE MOD 86400 

! -----------------------Ex per i men t a l  c on d i t i on s-------------·---------------
! T=300 ! Temper ature C K J  
! ---------------------Di men s i ons a n d  graph i c s setup---------------------

T o 1 =250 ! Range of temperature f or graph , i n i t i a l 
To2=450 ! Range of temperature f or g r ap h , f i n a l  
Dp t s= 1 0  Number o f  data p o i nts i n  r ange 
A c c= . 000 1 ! Accuracy of Eb determi n at i on 

' A l so n o t e  p r ef actor at " I nteg " ( d etermi n e s  part i t i on )  
! -----------------------Sem i conduc tor var i a b l es--- ---------------------

Sc:t= " p -CdTe 11 ! Name of semi cond . 
Gz o=7 ' Gr a i n  s i z e  C um )  
Na=5 . E+ 1 4  ! Hol e d en s i ty 
Ln = l . E-4 1 Di f f us i on l en g t h  f or e '  ( e m )  
Lp =5 . E�5 ! Di f f u s i on l en g t h  f or h '  
Sn= 1 . E+ 1 0  ! GB recomb . vel oc i t y for e '  
Sp = 1 . E+ 1 0  ! GB recomb . vel oc i t y f or h o l es at RT ( em / sec ) 
Mobn=300 ! SX carr i er mobi l i t y f or e ( c mA2 / V-sec J 
Mobp =40 ! SX c ar r i er mobi l i t y  f or h '  

! --------Gr a i n  boundary state d i s t r i buti on , r ec tan g u l ar a p p r ox . -------
Egb 1 • . 7  ! Bottom of d i str i b . , measured f r om Ev l e V I  
Egb2= . 95 Top of d i s t r i b . , measured f r o m  Ev C e V J  
Ngbden =5 .  E+ l l  ! GB state den s i t y ,  r ec t .  ( #/ c m''3-eVJ 
Ngbtot = C E g b 2-Egb l i *Ngbden ! Total # of GB s t a t es i n  d i st r i b .  C # / c mA3J 
De-?g =2 
! . • . . . . . . . .  i nt eg r at i on 

Fermi =O 
GOSUB I n teg 
Ngbtot =Ngbo 

Degeneracy of GB states 
t o  obt a i n  Ngbtot . . . . . . . . . . . . • . .  

Repl aces f er m i  f n  i n  ' I n t eg ' wi t h  1 . 00 
To i n tegrate t o t a l  f o r  strange d i str i b .  
I n tegrated va l ue of Ngbtot 

O t h er d i st r i b ut i on s  at " Gb_d i st : " 
[ Ngbden = FNGb C E , Egb 1 , Egb2 , Ng b t ot , . • .  et c . J J  

' --------------------------.. Semi conduct ot- constants----------------------
Eg = 1 . 5  ! Band g ap l eV I  
Epso=8 . 85E- 1 4  ! Permi t t i v i t y  C F-c m )  
f(app =9 . 4  ! Rel at i ve d i e l ec t r i c  c o n st ant C dc )  
Eps=Kapp*Epso ! Semi c on d .  permi t t i vi t y  
Nv= l . BE + 1 9  1 Den s i t y  of states ( v a l . band ) at 300 K 
Nc =2 . E+ 1 8  ! Den s i t y  o f  states C c ond . b an d )  
Mef f h = 1 . 1 ! E f f ec t i ve mass of h o l es f or ' Ar i c h · ( m* / m o )  
Ar i c h = 1 20 ! Ri c h ar d son constant C A /KA2 J 
Astar =Ar i c h *Mef f h  ! E f f ec t i ve Ri c h .  c on s t .  
---------------------------Phys i c a l  constants------------------------
K0=8 . 4BE-5 ' Bol t z man c onst . C eV / K l  
Q= 1 . 6E- 1 9  ! E l ectron c h arge 

! -----------·----------------Deri ved quan t i t i es------------------------

6 1 0  
�0 
630 
MO 
650 
660 
�(l 
680 

Npo=Ni ·"' 2 / N a  
Gz =G z o* l . E-4 

FOR Runvar = l TO 
SELECT Runvar 
CASE 1 

Ngbden=5 . E+ 1 1  
CASE 2 

690 Ngbden =7 . 5E+ 1 1  
700 CASE 3 
7 1 0  Ngb den = 1 . E+ 1 2  
720 END SELECT 

M i n or i ty car r .  d en s .  @ d ep l . l ayer e d g e  f or V=O 
um to e m  

To p l ot m o r e  c u rves on one g r ap h  

7 3 0  Ngb tot = C Eg b 2-Eg b l i *Ngbden ! Tot a l  # of GB states i n  d i st r i b .  C # / c mA 3 )  
7 40 ! =========•==============DECLARE VAR I ABLES===========•========,======== 
750 Dec l ar e :  
760 OPT I ON BASE 0 
770 D I M  T C 5<o> J ! Temperature C f( )  
780 ! D I M  Na C 5 0 J  ! Carr i er d en s i t y  i n  b u l k 
790 D I M  N d l  1 50 1  ' Charge < n umber ) d ens i t y  i n  d ep l . l ayer s 
800 D I M  Ngb 1 C 50 J ! Charged s t a t �s at GB < n umber den s i t y >  
8 1 0  D I M  Eb C 50 , 1 J  ! Bar r i er h e i g h t  & t o t a l  v s .  parti al d ep l et i on 
820 D I M  Vd C 50 , 1 J  ! D i f f us i on vol t age & t o t a l  v s .  p ar t i al d ep l et i on 
830 ! D I M  Ef ( 50 )  ! Fermi l evel at . . . . . . . . .  ?????????? 
840 D I M  Rho C 50 , 1 J  ! Resi st i v i t y 
850 D I M  Eac t < 50 J  Ac t i vat i on energy f or r es i st i v i ty 
860 D I M  Mob<Jb ( 50 , 1 J  ! GB l i mi ted mobi l i t y  
8 7 0  D I M  Naef f ( 5 0 J  ' Ef f e c t i ve c ar r i er dens i t y 
880 I NTEGER Gr·apheb C 1 : 7500 J ! storage f or g r a p h  of Eb , etc . 
890 I NTEGER Graphr· h o ( 1 : 7500 ) ! storage f or g r ap h  of R h o , et c .  
900 ! =====�"======="'==,======,===PROGRAM MECHAN I CS=,======,===================== 
9 1 0  
920 
930 
940 

Ebstepo= . 3  Star t i n g  i n c r ement s i z e  f or energy stepp i n g 

' =====,====�"=�'='==========D I SPLAY C H O I CES CONTROL============c=========== 
950 Graphd i sp :  
960 OUTPUT 2; " I'. " ;  C l ear screen 
970 GOTO Mai n Th i s  sec t i on d i s ab l ed 
980 
990 
1 000 
1 0 1 0  
1 020 
1 030 
1 040 
1 050 
1 060 
1 070 
l OBO 
THEN 
1 090 
1 1 00 
1 1 1 0 
1 1 20 
1 L >O 
1 1 40 

PR I NT 
PR I NT TABXY C 1 , 1 0 J , " GRAPH I CS D I SF'L,�Y CHO I CES : " 
PR I NT 
PR I NT TAB C 3 J , " Eb , Vd vs N a " , TAB C 30 J , " E " ! 
PR I NT TAB C 3 J , " Rh o , Mu vs N a " , TA B C 3 0 J  , " R "  
PR I NT TAB C J J  , " Both " , TAB ( 30 J  , " B or ' ENTER ' " 
PR I NT TAB C 3 J  , " Nei t,ht?r " , TAB C 3 0 J  , " N " ; 
PR I NT TABXY < O , O J  

L I NPUT " WH I CH ? " , Graf $ 
I F  Graf$< > " E "  AND Graf$< ) " R "  AND Graf $< > " B "  AND .Graf$< > " N "  AND Gr a f $  :: > " "  

GOTO Grap h d i sp 
END I F  
L I NPUT " F't- i n t out data? C Y / N  o r  ENTER > "  , Dat.apr i n t $  
OUTPUT 2 ;  1 1 K " ;  ! ( c l ear· screen > 

1 1 50 ! ===========================PROGRAM BODY=============================== 
1 1 60 Mai n :  
1 1 70 
1 1 80 
1 1 90 

! -----------------·---- I n dependent var i ab 1 e c o n t r o l ----------- ---------­
Span = 1 000* < < 1 / T o 1 1 - < 1 / To2 J J 
I n t =S p a n / D p t s  



1 200 
1 2 1 0  

1 220 
1 230 
1 240 
1 250 
1 260 
1 270 
1 280 
1 290 
1 300 
1 3 1 0  
1 320 
1 330 
1 340 
1 :350 
1 360 
1 370 
1 380 
1 390 
1 400 
1 4 1 0  
1 420 
1 430 
1 440 
1 450 
1 460 
1 470 
1 480 
1 490 
1 500 
1 5 1 0  
1 520 
1 530 
1 540 
1 550 
1 560 
1 570 
1 580 
1 590 
1 600 
1 6 1 0  
1 620 
1 630 
1 640 
1 650 
1 660 
1 670 
1 680 
1 690 
1 700 
1 7 1 0  
1 720 
1 730 
1 740 
1 750 
1 760 
1 77 0  
1 780 
1 790 

FOR M=O TO Opts 
T C M I = l OOO* C l / C C 1 000/To2 ) +M• I n t ) ) 

IF Pr i nt=O THEN 1 240 
PR I NT US I NG " K , DDD , K " ; " T = " ; T C M > ; " K "  
D I SP US I NG " K , DDD , K " ; " T = " ; T C M > ; " K "  

! ---------------------C a l c u l at e  Const an t s-----------------------------

Dp= C KO•T C M > > •LOG C Nv / N a >  ! Ef -Ev l i n  b u l k )  l e V )  
Eboo=Dp+ . 00 1  Start i n g t r i al energy 

D i f f us i on canst . f or e '  
f or h 

I c •n-''2/ sec ) D i f f n=KO•T C M > •Mobn 
D i f f p=KO•T C M > •Mobp 
N i = I Nc•Nv•E X P C -E g / C KO*T I M ) ) ) ) A ( . 5 ) I nt r i n s i c c ar r .  d en s .  

! ------------------------CALCULAT I ONS---------------------------------

! • • • • • •  Temp o r a r y  
Nba l o = l  

var i ab l e s  . . . . . . . . • • . . . . • . . . . • . . • . • . . • •  

Dummy va l ue f or # b a l ance t o  start 
Fi r· st t r i a l  Ebo 
F i rst t r i a l Eb step 

Ebo=Eboo 
Ebstep =Eb st e p o  
Fer m i = !  
Qu=O 

Turns on Fermi f u n c t i on i n  SR " I n t eg ' 
! . • .  Number of 1 oop s f or mon i t or i n g p r o g r ams . . . • •  

LOOP 
IF Pr i nt 1 =0 THEN 1 440 

F'R I N T  " . . • . . . • . .  T R I AL Eb = 
Vdo=Eb o -Dp ! 
I F  Pr i n t =O THEN 1 470 
P R I NT " Vd o  = " ; Vd o  
I F  Vdo < O THEN 

Wdo=O 

" ; Eb o ;  " . . . . . . . • . .  " 

Fi rst tr i a l d i f f . vol tage 

ELSE 
W d o •SQR I ABS C 2•Eps*Vdo/ C Q•Na ) ) )  

END I F  
I F  Pr i n t =O THEN 1 540 
F'R I NT " Wd o  = " ; Wd o  
I F  Wdo< Gz / 2  THEN 

! ----F'ar t d ep l ------­
Nd l o=2•Na•Wdo 
GOSUB I n t.eg 

ELSE 
! ----A l l d e p l ·--------­

Nd l o=2•Na•Gz / 2  
GOSUB I n teg 

END  I F  

Nba l 1 =Ngbo-Nd l o  
I F  Pr i n t =O THEN 1 700 
P R I N T  " Ng b o  = " ; Ng b o  
P R I NT " Nd l o = " ; Nd l o 
PR I NT " Nba l 1 = " ; Nba l 1  
F'R I NT 

Cal c .  and return Ngbo 

Cal c .  and r eturn Ngbo 

! ------c h an g e  i n c� ement -------­
I F  SGN I N b a l o*Nb a l 1 1 < 1  THEN 

Ebs t ep=Eb s t ep • l - 1 l * C . 1 5+ 1 1 / C 2 . 5+ABS C Nb a l o/Nbal l l ) ) )  
END I F  
Ebo=Ebo+Ebstep 
N b a l o=Nba l 1 
Ngb 1 I M I =Ngbo 
! ------Test accuracy-------

Qu=Qu+l  1 Loop number 
E X I T  IF ABS C Eb s t ep > < Ac c *Eg 

END LOOP 

IF Pr i nt 1 =0 THEN 1 860 
PR I N T  
PR I NT '' > > > > > > > > > > > > > > > > > > > > > > > > > > > > > ) ) ) ) ) ) ) ) > > > > > ) > > >Qu .. ; Qu 

! . . . . . . . • . .  T i d y  up and d i ,;p l ay re,;ul t .  . . . • • . • .  

Vdo>: =Ebo-Dp 
IF Vdo>: < O  THEN Vdo:< = 1 . E-20 

Wdo>:=SQR C 2*Eps*Vdo:< l C Q•Na> ) + 1 .  E--20 
IF Wdox >=Gz / 2  THEN 

Depl = l 
Vdox = < Q•Na• < Gz /2 ) A2 ) / 1 2*Ep s >  
Wdp>: =Gz / 2  

ELSE 
Dep l =O 
Wdp:-: =Wdox 

END I F  

Th i s  avo i d s error i n  r h o  c a l c  
Th i s avo i d s  error i n  r h o  c a l c 

1 800 
1 8 1 0  
1 820 
1830 
1 840 
1 850 
1 860 
1 1370 
1 880 
1 890 
1 900 
1 9 1 0  
1 920 
1 930 
1 940 
1 950 
1 960 
1 970 
1 980 
1 990 
200(1 
20 1 0  
2020 
2030 
2040 
2050 
2060 
2070 
2080 

! . • • • .  Wdo>: i s  for b i x t a l s  and may b e  l ar g er than Gz / 2 ,  but Wdpx ·i s  
c o n s t r a i ned t o  b e  n o  l arger than Gz / 2 .  

Eb i M , O > =Ebo 
Eb i M , 1 > =Depl 
Vd I M ,  0 )  =Vdm: 
Vd i M , 1 > =Depl 

! ====== Ca l c u l at i on of resi st i v i t y ,  mobi l i t y f or al l data p o i n t s  ======= 

2090 Nvt =Nv• I T I M ) /300) A 1 . 5  
2 1 00 Mobp t=Mob p • I 300/T I M ) ) A2 
2 1 1 0 Gdep l =2•Wdpx /Gz 
2 1 20 IF Dep l = 1  THEN ! test f or t o t a l  dep l et i on 
2 1 30 Naef f C M I =Nvt •EXP I Vd i M , O I -Eb i M , O l / I KO•T I M ) ) )  
2 1 40 ELSE 
2 1 50 Naeff C M > =Na 
2 1 60 END I F  
2 1 70 Rhogb= C KO•T I M I / Gz > • < C 1 / I Astar•T < M > A2 ) ) + ( 1 / I Q•Nvt•Mob p t • I I 2•Vd i M , O ) / 
Wdpx ) + I KO•T I M I /Gz > > > > > •EXP I Eb i M , O I / I KO*T I M > > >  
2 1 80 Rhobul k= I 1 -Gdep l ) / ( Q•Mob p t •N a )  
2 1 90 Rho C M , O > =Rhogb��hob u l k 
2200 Rh o C M , l i =D e p l  
2 2 1 0  • -------------Ca l cu l at i on of mobi l i ty----------------

2220 Mobgb i M , 0 > = 1 / I Q*Naef f i M > •Rh o C M , O > > 
2230 Mobgb C M , 1 > =Depl 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2 3 1 0  
2320 
2330 
2340 
2350 
2360 
2370 
2380 

! • . • • • . • • • • • • .  Pr i n t out resu l t s  f or pr ogram moni tor i n g  . • . . . . . . . . . . • . . . .  

I F  Pr i n t=O THEN 2400 
IF Depl = 1 THEN 

PR I NT " Total l y  dep l eted q r a i n s "  
ELSE 

-
' 

PR I NT " Par t i a l l y  d e p l eted gr a i n s "  
END I F  

PRI NT US I NG 
PR I NT US I NG 
P R I NT US I NG 
PRI NT U S I NG 
PR I NT U S I N G  
PRINT U S I I�G 

11 K , D . DDDD , K 11 ; '' Eb = " ; Eb < M , 0 ) ; 11 eV 11 
'' K , D . DDDD , K '' ; '' Vd = '' ; Vd C M , 0 ) ; 1' eV '' 
��·�:� , D . DDDD , K 11 ; " Ef :::: 1 1 ; Ef < M > ; "  eV 11 
" K , D . DES Z Z , K " ; " Rhobu l k = " j Rh o b u l k 
" K , D . DES Z Z , K " ; " Rhogb = " ; Rhogb 
" K , D . DES Z Z , K " ; " Mobgb = " ; Mobgb i M , O ) 



2390 
2400 
2 4 1 0  
2420 
2430 
2440 
2450 
2460 
2470 
2480 
2490 
2500 

.PR I NT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . · · · · · ·  . . . . . . . . . . . . . . . . . . . . . . . . . . ;, . . 

NEXT M 

! -------------Ca l cul ate act i vat i on energy f o r  Rho--------------------­
FOR M=O TO D p t s- 1 
Eac t i M l =KO*LOG I Rho i M+ 1 , 0 l /Rho i M , O l l / 1 1 1 /T I M + 1 l l - 1 1 /T ( M i l l  
NEXT M 

T i me=T I MEDATE MOD 86400-Ti meo 

25 1 0  Endca l c :  
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 
26 1 0  
2620 
2630 
2640 
2650 
2660 
2670 
2680 
269(1 
2700 
2 7 1 0  
2720 
2730 
2740 
2750 
2760 
2770 
2780 
2790 
2800 
28 1 0  
2820 
2830 
2840 
2850 
2860 
2870 
2880 
2890 
2900 
29 1 0  
2920 
2930 
2940 
2950 
2960 
2970 
2980 

! =====================END OF CALCULAT I ONS============================== 

! ----------------------D i sp l ay d i r ec t i ves------------------------------
D i sp l ayd i r :  ! 

GOSUB Graph_eb 
IF G r a f :f= " R "  THEN 2620 ' 
I F  Graf:f= " N "  THEN Cho i c e  
D I SP " T o  see t h e  Rh o ,  M u  v s  Na g r aph press CONT" 
PAUSE 
GSTORE Grapheb l * l  
GOSUB Graph_r h o  
D I SP " Press CONT f or more choi c e s "  
PAUSE 
GSTORE Graphrho l * l  

NEXT Runvar 

Ch oi c e :  
OUTPUT 2 ;  " K " ; 
GRAPH I CS OFF 
PR I NT TAB X Y I 1 , 8 l  
PR I NT " WHAT ' S  NEXT DUDE???" 
PR I NT 
P R I N T  " 1 .  D i o;p l ay g r aph Eb 1 Vd vs Na" 
PR I NT " 2.  D i sp l ay graph rho , mu vs Na" 
PR I NT "3. Pr i n t graph Eb , Vd vs Na" 
PR I NT " 4 .  Pr i n t graph rho , mu vs Na" 
PR I NT "5, Pr i nt both graphs" 
PR I NT " 6.  Pr i n t data" 
PR I NT " 7.  EX I T "  
L I NF'UT " ?????? " , Di sp$ 
IF D i sp$= " 7 "  THEN Stop 

ALPHA OFF 
GRAPH I CS ON 
GCLEAR 
IF D i sp $= " 1 "  THEN 

GLOAD Grapheb l * l  
PAUSE 

END I F  
I F  D i sp$= " 2 "  THEN 

GLOAD Graphrho ( * )  
PAUSE 

END I F  
I F  D i sp$= " 3 "  THEN 

GLOAD Grapheb ( * )  
DUMP GRAP H I CS #70 1 

END I F  

2990 
3000 
30 1 0  
3020 
3030 
3040 
3050 
3060 
3070 
3080 
3090 
3 1 00 
3 1 1 0  
3 1 20 
3 1 30 
3 1 40 
3 1 50 
3 1 60 
3 1 70 

IF D i sp$= " 4 "  THEN 
GLOAD Graphrho l * l  
DUMP GRAPH I CS #70 1 

END I F  
I F  Di sp$= " 5 "  THEN 

GLOAD Grapheb l * l  
DUMP. GRAPH I CS #70 1 
PR I NTER I S  70 1 
PR I NT US I NG " 2 / "  
GLOAD Graphr h o ( * l  
DUMP GRAPH I CS #70 1 

1 f orm f eed 
P R I NTER IS 1 

END I F  
I F  D i sp$= " 6 "  THEN 

! pr i n t d a t a  
E N D  I F  
GOTO Choi ce 

�--

3 1 80 Stop • 
3 1 90 ! ========================END OF PROGRAM================================ 

3200 
32 1 0  
3220 

STOP 

3230 ! ==========================SUBROUT I NES=============================�=== 

3240 
3250 
3260 
3270 
3280 
3290 
3300 
3 3 1 0  
3320 
3330 
3340 
3350 
3360 
3370 
3380 
3390 
3400 
3 4 1 0  
3420 
3430 
3440 
3450 
3460 
3470 
3480 
3490 
3500 
35 1 0  
3520 
3530 
3540 
3550 
3560 

! =================== I NTEGRA T I ON OF GB STATES=========================== 
I n teg : ! • • . . . • •  I nt eg r at es Ngb d i st r i b .  ei t h er w i t h  Fer m i  f u n c t i on or 1 

I i n c=2 * I NT I 2 . 5* ( 1 000/T I M l l / 2 ) +2 ! # of i nc r ement s  depends on t em p .  

E i nc= I Eg b 2-Egb 1 l / I i nc 
Ngbo=O 
FOR I =O TO I i nc 

IF I =O DR ! = l i n e THEN 
C= 1 

ELSE 
IF I MOD 2 >0 THEN 

C=4 
ELSE 

C=2 
END I F  

END I F  

E=Egb l + I *E i n c 

12 = Pref actor good f or most c al c )  

I F  Fer m i  =0 THEN ! Th i s  i s  used to i nt eg r a t e  Ngbden to get Ngbtot 
F f er m i = 1 

ELSE 
F f e r m i = 1 - 1 1 / 1 1 + 1 1 /Deg l *E X P I I E-Eb o l / I K0*� 1 M l l l l )  

END I F  
N i n c= I E i n c / 3 l *C*FNGb i E , Egb 1 , Egb2 , Ngbden l *F f e r m i  ! Rec t .  d i st r i b .  

Ni nc = I E i n c / 3 l *C*FNGbt t < E l *F f er m i . ! Thorpe ' s  d i st .  
PR I NT 0E= " ; E , "FNGb t t = " ; FNGbt t < E l  

Ngbo=Ngbo+N i nc 
NEXT I 

. 

RETURN 

! =================Eb an d  Vd vs Na GRAPH I CS SET UP====================== 

3570 Graph_eb: 
3580 IF Runvar > l  

Subrout i ne f or g r aph i ng barr i er h e i g h t  and d i f f . vol t a g e  
THEN ! S k i p s  setup f or mor e than one curve 



3590 
3600 

36 1 0  
3620 
3630 
::.>640 
3650 
.3660 
3670 
3680 
3690 
::;700 
37 1 0  
3720 
3730 
3740 
3750 
3760 
3770 
:c\780 
3790 
3800 
38 1 0  
�3820 
3830 
3840 
3850 
3860 
3870 
3880 
3890 
3900 
::>9 1 0  
3920 
3930 
:3940 . 
3950 
3960 
3970 
3980 
3990 
4000 
40 1 0  
4020 
4030 
4040 
4050 
4060 
4070 
4080 
4090 
4 1 0 0  
4 1 1 0  
4 1 20 
4 1 30 
4 1 40 
4 1 50 
4 1 60 
4 1 70 
4 1 80 

GLOAD Grapheb ( * )  
GOTO P l oteb 

�NO l F  
OUTPUT 2 ;  " K " ; 
G I N  I T  
GRAPH I CS ON 
DEG 
GOSUB Symb o l s 1 Load symb o l  def i n i ng arrays 

' ------------------ Lab e l  ax es ---------------------

V I EWPORT 0 , 1 00•RAT I 0 , 0 , 1 00 
LORG 5 
L D I R  90 
CS I ZE 4 , .  7 
MOVE 7 1 50 
LABEL " D I FFUS I ON VOLTAGE < Vd l  [ eV J " ;  
C S I ZE 3 
I MDVE -2 , 2  
SYMBOL F4 ( * )  
! MOVE - . 6 1 5  
SYMBOL 04 ( * )  
MOVE 2 1 50 
CS I Z E 4 1 . 7  
LABEL " BA R R I E R  HE I GHT < Eb l  [ e V J " ;  
CS I ZE 3 
! MOVE -2 , 2  
SYMBOL F3 < • > 
! MOVE - 1 . 3 , 6  
SYMBOL 03 ( * )  
MOVE 98*RAT I 0 , 5 1 
CS I ZE 4 ,  . 6  
LABEL " RES I S T I V I TY ACT I VAT I ON ENERGY < eV I  " ;  
! MOVE -2 , 2  
C S I ZE 3 
SYMBOL F8 ( * )  
I MOVE 0 , 3 . 5 
SYMBOL 08 ( * )  
LD I R  0 
CS I ZE 4 
MOVE 55*RAT I 0 , 2  
LABEL " 1 00 0 / TEMPERATURE ( 1 / K l " 
CS I Z E 4 
MOVE 78*RAT I 0 , 98 
LABEL " T i me = " ; DROUND < Ti me , 3 l ; " se c "  
MOVE 20 , 86 

! ----------- Setup a n d  number axes 

V I EWPORT 1 9 , 95*RAT I 0 1 1 1 , 96 t h i s vi ewport does not i n c l ude numbers 
< g raph f r ame on l y )  

! • • • • • •  Y ax i s  
Max e= l .  0 
I n terva l e= .  I 

desc r i p t i on . • • . . • . . • .  

Max i mum val ue of ener g y  a:< i s  

M i n e=O 
Spane=M a x e-M i n e  
' · · · · · ·  X ax i s  descr i p t i on . . • • • • . • .  

M i n a= I NT < 1 00 0 / T o 2 1  

Max a= I NT < 1 00 0 / To 1 l + ( FRACT < 1 000/To 1 1 ) . 0 1 ) 
S p a n a=M a x a-M i n a  
I F  S p an a >=8 THEN S i z e= l 
I F  Span a >2 AND Spana< =8 THEN S i z e= . 5  

4 1 90 
4200 

4 2 1 0  
4220 
4230 
4240 
4250 
4260 
4270 
4280 
4290 
4300 
4 3 1 0  
4320 
4330 
4340 
4350 
4360 
4370 
4380 
4390 
4400 
4 4 1 0  
4420 
4430 
4440 
4450 
4460 
4470 
4480 
4490 
4500 
45 1 0  
4520 
4530 
4540 
4550 
4560 
4570 
4580 
4590 
4600 
46 1 0  
4620 
4630 
4640 
4650 
4660 
4670 
4680 
4690 
4700 
47 1 0  
4720 
4730 
4740 
4750 
4760 
477.0 
4780 

I F  Span a > l  AND Spana< =2 THEN S i z e= . 2  
I F  Spana< = l THEN S i z e= . 1  
I · • • • • • � · · • • • • • w · • • • • • � � · · • • • � w • • � • ��  

W I NDOW M i n a , Max a , O , Max e 
GR I D  S i z e , I nterval e , M i n a , 0 , 1 , 1 , 2 
V I EWPORT 0 , 1 00*RAT I 0 , 0 , 1 00 
! -----Y ax i s  numbers-----

CS I ZE 4 
FOR M=O TO 1 STEP . 2  

MOVE M i n a- . 04•Span a , M  
LABEL U S I �IG " Z .  D " ;  M 

NEXT M 
! ----- X ax i s  numbers-----

FOR M=M i n a  TO Ma:·: a + . 000 1 STEP S i z e  
MOVE M-0. "·Span a , - . 05«·Spane 
CS I ZE 4 

open i t  a l l up 

IF Si z e > = 1  THEN LABEL USI N G " DD " ; M  
I F  S i z e<l THEN LABEL US I NG " D . D " ; M  

NE X T  M 
1 ---- Add RT ax i s----­

MOVE 1 000/298 , 0  
L I NE TYPE 4 
DRAW 1 000/ 298 , Maxe 

! ------------------graph Eb data----------------··-

P l oteb l ! 
V I EWPORT 1 9 , 95•RAT I 0 , 1 1 , 96 ! t h i s w i n d ow does n ot  i n c l ud e numbers 
W I NDOW Mi n a , Ma x a , O , Maxe 
V I EWPORT 0 , 1 00*RAT I 0 , 0 , 1 00 ! open i t  al l up 
PENUP 
L I NE TYPE 1 
CS I Z E 3 
MOVE 1 000 / T ( O )  1 Eb < O , O l  
FOR M=O TO Op ts 

PLOT 1 000/T ( M l  , Eb < M , 0 > , - 1 ! 
PENUP 
IF Eb < M , 1 1 = 1 THEN 

SYMBOL F3 < • >  
ELSE 

SYMBOL 03 < • >  
END I F  
PENUP 
MOVE 1 000/T < M l , Eb ( M , O l 

NEXT M 

! -----g r ap h  Vd data----­
PENUP 
L I NE TYPE 1 
MOVE 1 000/T ( O l , Vd < O . O l 
FOR M=O TO Opts 

PLOT 1 000/T ( M l , Vd < M , O l  1 - 1 
PENUP 
IF Vd < M , 1 1 = 1 THEN 

SYMBOL F4 ( * )  
ELSE 

SYMBOL 04 < • >  
END I F  
PENUP 
MOVE 1 000/T ( M l , Vd ( M , O l  

NEXT M 

down bef or e move 

down bef.ore move 



. 4790 
4800 
48 1 0  
4820 
4830 
4840 
4850 
4860 
4870 
4B80 
4890 
4900 
49 1 0  
4920 
4930 
4940 
4950 
4960 
4970 
4980 
4990 
5000 
5 0 1 0  
5020 
5030 

! -------------------Graph ac t i vat i on en ergy d a t a--------- --------------­
PENUP 
C S I Z E  4 
MOVE ( ( 1 000 / T I O I 1 + 1 1 000/T I 1 1 1 1 / 2 , Eact i O I  
FOR M=O T O  Dp t s- 1 
L I NE TYPE 4 
PLOT 1 ( 1 00 0 / T I M I ) + I 1 000/T ( M+ 1 1 1 1 / 2 , Eac t 1 M I , - 1 
PENUP 
L I Nt=. TYPE 1 
I F  Eb i M , 1 1 = 1 THEN 

SYMBOL FB I * I  
ELSE 

SYMBOL OB I * I  
END I F  
PEN UP 
MOVE < < 1 rnJO/T I M I I + I 1 000/T I M+ 1 1 1 1 / 2 , Eact i M I  
NEXT M 

! --------------- l ab e l  p arameters---------------­
GOSUB L ab e l p a r a m  
L O R G  5 

RETURN 

' ================== Graph r e s i st i v i t y ,  mob i l i t y 
5040 Graph_r h o :  
5050 
5060 
5070 
5080 
5090 
5 1 (H) 

I F  Runvar > l  THEN 
GLOAD G r a p hr h o < • >  
GOTO P l o t r h o  

E N D  I F  

5 1 1 0  ! ============= Set up g r ap h i c s  ============= 
5 1 20 
5 1 30 
5 1 40 
5 1 50 
5 1 60 
5 1 70 
5 1 BO 
5 1 90 
5200 
52 1 0  
5220 
5230 
5240 
5250 
5260 
5270 
5280 
5290 
)300 
53 1 0  

OUTPUT 2 ;  " K " ;  
G I N  I T  
GRAPH I CS ON 
DEG 
V I EWPORT 0 , 1 00*RAT I D , 0 , 1 00 
! ------ l ab e l  ax es-----­

LORG 5 
L D I R  90 
CS I ZE 4 1 . 7  
MOVE 2 , 54 
LABEL " RES I ST I V I TY I Rh o l  [ oh m-c m J " 
CS I Z E  5 
MOVE 2 , 92 
SYMBOL FB I * I 
MOVE 2 , 95 
SYMBOL OB I * )  
CS I ZE 4 , . 7 
MOVE 9B*RAT I 0 , 50 
LABEL " MOB I L I TY I Mobg b l  [ c mA2/V-sec J "  
C S I ZE 3 

5320 MOVE 9B•RAT I 0 , 93 
5330 SYMBOL F:3 I *  I 
5340 MOVE 9B•RAT I 0 1 96 
5350 SYMBOL 03 1 * 1  
;360 CS I ZE 4 , .  7 
;370 L D I R  0 
G80 MOVE 50•RAT I 0 , 2  

5390 
5400 
54 1 0  
5420 
5430 
5440 
5450 
5460 
5470 
5480 
5490 
5500 
55 1 0  
5520 
5530 
5540 
5550 
5560 
5570 
5580 
559.0 
5600 
56 1 0  
5620 
5630 
5640 
5650 
5660 
5670 
5680 
5690 
5700 
57 1 0  
5720 
5730 
5740 
5750 
5760 
5770 
5780 
5790 
5BOO 
58 1 0  
5820 
5830 
5840 
5850 
5B60 
587�) 
5880 
5B90 
5900 
59 1 0  
5920 
5930 
5940 
5950 
5960 
5970 
59BO 

LABEL ' ' 1 000/ TEMPERATW�E 1 1 / K I " 
! ------setup and n umber a x e s------ , 

V I EWPORT 1 5 , B7•RAT I 0 , 1 1 , 96 ! Th i s  v i ewport does n o t  i n c l ud e  n�mber 
l ab e l s < g r a p h  f r ame on l y )  

! • • • • • •  X ax i s  d escr i p t i on • • . . . . . . .  

M i n a= I NT ( 1 000/To2 1 
Maxa= I NT I 1 000/To l ) + I FRACT I 1 000/To 1 1 > . 0 1 1  
Spana=Maxa-M i na 
I F  Spana>=B THEN Si z e= !  
I F  Spana>2 AND Spana<=B THEN S i z e= . 5  
I F  Span a > l  AND Spana( =2 THEN S i z e= . 2  
I F  Spana< = 1 THEN S i z e= . l  

! . . . . .  y 1  ax i s  desc r i p t i on . . . .  
Rho o 1 = 1 . E-2 
Rhoo2= 1 . E+ 1. 0  
Mi n y l = I NT I LGT I R h oo l l l  
Max y 1 = I NT I LGT I Rhoo2 1 1 + 1 FRACT I LGT I Rh o o2 1 1 ) . 0 1 1  
Span y 1 =Max y 1 -M i n y 1  

! • • • • •  y? �x i s  desc r i pt i on . . . .  
Mob o l = !'. E-6 
Mobo2= 1 . E+6 
Mi ny2= I NT I LGT I Mabo 1 1 1  
Maxy2= I NT I LGT I Mo b o 2 1 1 + 1 FRACT I LGT I Mobo2 1 1 > . 0 1 1  
Spany2=Max y2-M i ny2 
Sh i f t =M i n y 1 -M i ny2 ! r e g i s t e r s  d a t a  on y 1 , y2 a x es 
! ------now p l ot g r a p h  a n d  number l ab e l s----. 

W I NDOW M i n a , Max a , Mi n y 1 , Max y l  
GR I D  S i z e , l , M i n a , M i n y 1 , 1 , 1 , 2 
V I EWPORT 0 , 1 00*RAT I 0 , 0 , 1 00 ! open i t  a l l up 
! -----Y l  ax i s  n umbers-----
FOR M=O TO Spany 1 

MOVE M i na- . 065*Spana , M+Mi n y 1  
CS I Z E 4 
LABEL " 1 0 " ;  
CS I Z E 3 
I MOVE . 02*Span a � . 04*Span v 1  
LABEL VALS ( M+Mi n y 1 1  

NEXT M 
! -----Y2 ax i s  n umbers----­
FOR M=O TO Span y 1 -3 

MOVE Max a + . 04*Span a , M+Mi n y 1  
CS I ZE 4 
LABEL " 1 0 " ; 
CS I Z E  3 
! MOVE . 02•Sp ana , . 04*Sp a n y 1  
LABEL VAL$ 1 M+Mi n y 1 -Sh i f t l  

NEXT M 
! ----- X ax i.s numbers-----

The Sh i f t c h anges number i ng of y 2  ax i s  

FOR M=M i n a TO Max a + . 000 1 STEP S i z � 
MOVE M�o . •Spana , Mi n y 1 - . 04•Span y 1  
CS I Z E 4 · 
LABEL US I NG " DD . D " ; M  

NEXT M 
! ------------a d d  RT l i ne-----­

MOVE 1 000/29B , Mi ny 1  
L I NE TYPE 4 
! DRAW O , Sp a n y 1  



5990 
6000 
60 1 0  
6020 
6030 
6040 
6050 
6060 
6070 
60BO 
6090 
6 1 00 
6 1 1 0  
6 1 20 
6 1 30 
6 1 40 
6 1 50 
6 1 60 
6 1 70 
6 1 BO 
6 1 90 
6200 
62 1 0  
6220 
6230 
6240 
625(1 
6260 
6270 
62BO 
6290 
6300 
6 3 1 0  
6320 
6330 
6340 
6350 
6360 
6370 
63BO 
6390 
6400 
64 1 0  
6420 
6430 
6440 
6450 
6460 
6470 
64BO 
6490 
6500 
65 1 0  
6520 
6530 
6540 
6550 
6560 
6570 
65BO 

! ----g r aph Rho data-----
Pl otrh o :  ! 

V I EWPORT 1 5 , B7*RAT I 0 1 1 1 1 96 
W I NDOW Mi n a , Max a , M i ny 1 , Ma x y 1  
V I EWPORT 0 1 1 00*RAT I 0 , 0 , 1 00 
PENUP 

Th i s  vi ewp ort does not i nc l ude numbers 

IF Runvar = 1  THEN Lt = 1 
I F  Runvar =2 THEN Lt=7 
IF Runvar=3 THEN Lt=B 
C S I ZE 4 
MOVE 1 000/T I O I , LGT I Rh o i O , O I I  
FOR M=O TO Opts 

L I NE TYPE Lt 
PLOT 1 00 0 / T I M I  , LGT I Rho i M , O I I , - 1 
PENUP 

down bef ore move 

L I NE TYPE 1 
IF Rh o i M , 1 1 = 1 THEN 

SYMBOL FB I * )  
ELSE 

SYMBOL OB I * I  
END I F  
PENUP 
MOVE 1 000/T I M I  , LGT I Rho i M , O I I 

NEXT M 

! -----graph Mob data----­
PENUP 
MOVE 1 000/T I O I , LGT I Mobgb i O , O I I +Sh i f t  
FOR M=O T O  O p t s  

L I NE TYPE L t  
PLOT 1 000 /T I M I  , LGT I Mo b g b i M , O I I +Shi f t , - 1 
PENUP 
L I NE TYPE 1 
I F  Mobgb i M , 1 1 = 1 THEN 

SYMBOL F3 1 * 1  
ELSE 

SYMBOL 03 1 * 1  
END I F  
PENUP 
MOVE 1 00 0 / T I M I , LGT I Mobgb i M , O I I +Sh i f t  

N E X T  M 
1 --------- l ab e l  parameters------------­
GOSUB Label p aram 

LORG 5 
! ----------- -------------------------

RETURN 

down bef ore move 

! -----------Subrout i ne to l ab e l  parameters on gr aphs-------- ----
Label par am: ! 

V I EWPORT 1 5*RAT I O ,  62*RAT I O ,  86 1 1 00 
W I NDOW 0 , 1 , 0 , 1  
PEN - 1 
L I NE TYPE 
GR I D  . 004 
PEN 1 
FRAME 
MOVE . 02 , . 76 
CS I ZE 3. 3 
LORG 1 

6590 
6600 
6 6 1 0  
662!) 
6630 
6640 
6650 
6660 
6670 
66BO 
6690 
6700 
67 1 0  
6720 
6730 
6740 
6750 
6760 
6770 
67BO 
6790 
6800 
6B 1 0  
6B20 
6B30 
6B40 
6B50 
6860 
6B70 
6BBO 
6B90 
6900 
69 1 0  
6920 
6930 
6940 
6950 
6960 
6970 
69BO 
6990 
7000 
7 0 1 0  
7020 
7030 
7040 
7050 
7060 
7070 
70BO 
7090 
7 1 00 
7 1 1 0  
7 1 20 
7 1 30 
7 1 40 
7 1 50 
7 1 60 
7 1 70 
7 1 BO 

LABEL '' Na = '' : N a ; '' c mA-3 '' 
LABEL " Ng b  DEN S I T Y  = " ; Ngbden ; " /cm·�2-eV" 
LABEL " TOP of GB D I ST .  � " ; Eg b 2 ; " e V "  
LABEL " BOTTOM OF GG DIST.  "' " ; Egb l ; "eV" 
! . • • • • . . • • • • .  a d d  l egend f or p o i n t  symb o l s . . . . . . .  . 

V I EWPORT 63·,.RAT I O , 93*RA T I O , 88 , 95 
W I NDOW 0 , 1 , 0 , 1  
PEN - 1 
GR I D  . 004 
PEN 1 
FRAME 
MOVE • 02 ., .  50 
CS I Z E 3 . 3 
LORG 1 
LABEL " TOTAL DEPLET I ON " ;  
! MOVE 0 , - . 05 
C S I Z E  4 
SYMBOL FB I * )  
! MOVE . OB , - . 1 6 
CS I ZE 3 
SYMBOL F3 1 * 1  
MOVE • 0 2  1 • 02 
LABEL " PART I AL DEPLET I ON " ;  
! MOVE 0 , - . 05· 
CS I ZE 4 
SYMBOL OB I * I  
CS I ZE 3 . 3 
! MOVE . OB , - . 1 6 
SYMBOL 03 1 * 1  
RETURN 

Symb o l s :  
! --------- --------------Def i n e symbol arrays---------------------------
! • • • • •  '' F3'' , a f i l l ed tr i an g l e  . . . . . .  . 

REAL F3 1 5 , 2 1  
READ F3 1 * 1  
DATA 0 � 0 , 1 1 .,  1 , 0 , 1 3 ,  0 ., 2 , - 1 .,  1 3 , 2 ., - 1 ,  6 , 1 2 , - 1 ,  0 , 2 , 0 

! • • • . •  1 103 " ., an open t r i an g l e  . • • . . . . .  

REAL 03 1 5 , 2 1  
READ 03 1 * 1  
DATA 0 , 0 , 1 1 ,  - 1 , 0 , 1 3 ., 0 , 2 , -2 ,  1 3 , 2 , - 1 ,  6 ,. 1 2 ., - 1 " 0 , 2 , 0  

! • • • • • • • • • • • • •  " F4 " , a f i l l ed box . . . . . . . . • . . . . . • • . . .  

REAL F4 1 6 , 2 1  
READ F4 1 �· 1  
DATA 0 , 0 , 1 1 ,  1 , 0 , 1 3 ,  1 ., 4 , -2 ,  9 , 4 , - 1 , 9 , 1 2 , - 1 ,  1 , 1 2 , - 1 ., 
! • • • • • • • • • • • • •  " 04 11 , an open b o x  . . . . . . . . • . • • . . . . . . . .  

REAL 04 1 6 , 2 1  
READ 04 1 * 1  
DATA 0 1 0 , 1 1 ,  - 1 , 0 , 1 3 ,  1 , 4 , -2 ,  9 , 4 , - 1 ,  9 1 1 2 1 - 1 , 
! • • • • • • • • • • • • •  " F B " , a ·f i l l ed c i r c l e  . . . . . . . . . . . . . . .  . 
REAL FB I 1 4  , 2 I 
READ FB I * )  
DATA 0 , 0 , 1 1 ,  
DATA B , 6 , - 1 ,  
DATA 

1 , 0 , 1 3 ,  1 , 8 , -2 ,  2 , 6 , - 1 ,  3 , 5 , - 1 ,  
9 , B , - 1 ,  B , 1 0 , - 1 ,  7 , 1 1 , - 1 ,  5 , 1 2 , - 1 ,  
2 , 1 0 , - 1 ,  1 , 8 , 0  

! • • • • • • • • • • • • •  1 10811 ' an open c i r c l e  . . . . . . . . . . . . . . .  . 

REAL 08 1 1 4 , 2 1 
READ 08 1 * 1  

1 , 1 2 , - 1 ,  

5 , 4 , - 1 ,  
3 , 1 1 , - 1 

1 , 4 , 0  

1 , 4 , 0  

7 , 5 , - 1 



7 1 90 
7200 
7 2 1 0  
7220 
7230 
7240 
7250 
7260 
7270 
7280 
7290 
7300 
73 1 0  
7320 
7330 
7340 
7350 
7360 
7370 
7380 
7390 
7400 
7 4 1 0  
7420 
7430 
7440 
7450 
7460 
7470 
7480 
7490 
7500 
75 1 0  
7520 
7530 
7540 

DATA 0 , 0 , 1 1 ,  
DATA 8 , 6 , - 1 ,  
DATA 

RESTORE 
RETURN 

- 1  , o ,  1 3 ,  
9 , 8 , - 1 ,  
2 ,  1 (1 , - 1 ' 

1 , 8 , -2 ,  
8 '  1 0 '  ·- 1 '  
1 ' 8  ' (I 

2 , 6 , - 1 ,  
7 , 1 1 , - 1 , 

3 , 5 , - 1 ,  
5 , 1 2 , - 1 '  

5 , 4 , - 1 ,  7 , 5 , - 1 
3 , 1 1 , - 1 

! ======================================================================= 

END 

! ============================FUNCT I ONS================================= 

DEF FNGb < E , Egb 1 , Eg b 2 , Ngbden l 
I F  E >=Eg b 1  AND E< =Egb2 THEN 

Z =Ngbden 
ELSE 

Z =O 
END I F  
RETURN Z 

FNEND 
Returns Ngbden < E l  

! -------- T .  THORPE ' S D i st r i b ut i on ----------------

' ·  . .  <BE SURE TO SET Egb 1 =0 and Egb2= 1 . 5  BEFORE US I NG l  • . • •  

DEF FNGbt t ( E )  
I F  O< =E AND E< . 45 THEN 

Z = < + 1 l * ( ( 1 . E+ 1 2 l - ( 8 . E+l l l * < E / . 45 l l  
END I F  
I F  . 45< =E A N D  E< = 1 . 05 THEN 

Z =O 
END I F  
I F  1 . 05 < E  AND E< = 1 . 5  THEN 

Z = < + 1 ) * ( ( 2 . E+ 1 1 ) + ( 2 . E+ 1 3 ) * ( ( E - 1 . 05 ) A4 ) / ( . 45A4 ) ) 
END I F  
I F  E < O  O R  E > 1 . 5  THEN 

Z =O 
END I F  
RETURN Z 
FNEND 

Returns N g b d e n < E l  

" 
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