
5011d 5tate C0mmun1cat10n5, V01. 76, N0. 11, pp. 1293-1296, 1990. 0038-1098/90 $3.00 + .00 
Pr1nted 1n 6 rea t  8r1ta1n. Per9am0n Pre55 p1c 

7 H E  E F F E C 7  0 F  F1LM 7H1CKNE55 0 N  7 H E  0P71CAL PR0PER71E5  0 F  LEAD 7 ELLU R1 D E 

M.M. E1-0cker, F. 5haraf*, H.M. 7a1aat, F. Metawe~ and M.A. E1-5her61ny 

Facu1ty 0f 5c1ence, A1-A2har Un1ver51ty, Ca1r0, E9ypt 
* Facu1ty 0f 5c1ence, 5ue2 Cana1 Un1ver51ty, 15ma111a, E9ypt 
~;Facu1ty 0f En91neer1n9, 8anha Un1ver51ty, 5h06ra, E9ypt 

(Rece1ved 14 Decem6er 1989; 1n rev15ed f0rm 13 Ju1y 1990 6y A.A. Maradud1n) 

7h1n f11m5 0f P67e have 6een prepared 6y therma1 evap0rat10n under 
vacuum 0f ~ 1.3 × 10 -3 Pa. 7he th1ckne55 0f the  f11m5 ran9ed 6etween 

200 and ~ 700 nm. X-ray d1ffract10n pattern5 revea1 the f0rmat10n 0f 
p01ycry5ta111ne f11m5. 0pt1ca1 9ap ha5 6een e5t1mated and wa5 f0und 
that 1t 11e5 at a60ut 0.3 eV f0r a11 f11m5. E11ep50metry 5h0w5 the pre5ence 
0f tw0 a650rpt10n peak5 at a60ut 1.45eV and 2.6eV. 7he 06ta1ned 
re5u1t5 are d15cu55ed 1n term5 0f the 6and 5tructure 0f P67e. 

1. 1 N 7 R 0 D U C 7 1 0 N  

7 H E  0P71CAL 6ehav10ur 0f a650r61n9 f11m5 15 
u5ua11y de5cr16ed 6y the1r 0pt1ca1 c0n5tant5. 0pt1ca1 
pr0pert1e5 1n the v15161e and near 1nfrared re910n5 are 
re1ated t0 e1ectr0n tran51t10n5. 7he 5tudy 0f 0pt1ca1 
pr0pert1e5 1n 5uch 5pectra1 re910n5 can he1p 1n 06ta1n- 
1n9 a 6etter 1nf0rmat10n 0f e1ectr0n1c 5tructure 0f th1n 
5em1c0nduct1n9 f11m5. 

Lead te11ur1de 15 a p01ar 5em1c0nduct0r, wh1ch 
cry5ta1112e5 1n face centred cu61c 1att1ce (f.c.c.) 0f the 
50d1um ch10r1de type. 7he 5pace 9r0up 6e10n95 t0 50 h. 
P67e 15 c1a551f1ed a5 a mem6er 0f the 1ead cha1c09en1de5 
9r0up, wh1ch 15 character12ed 6y h19h d1e1ectr1c 
5u5cept16111ty, h19h m06111ty and a narr0w 6and 9ap 
--~0.2eV [1]. 7he0ret1ca1 and exper1menta1 5tud1e5 
revea1 that the t0p 0f the va1ency 6and, and the 
60tt0m 0f the c0nduct10n 6and 11e at the p01nt L 
(K = 1r/a (1 1 1)) at the 5urface 0f the 8r1110u1n 20ne 
[2-4]. 7he re1at1v15t1c effect and the L5-c0up11n9 1n 
5uch c0mp0und5, can cau5e 5h1ft 0f ener9y 1eve15, 
wh1ch may exceed the w1dth 0f the 9ap. Acc0rd1n91y, 
5uch effect5 5h0u1d 6e taken 1nt0 c0n51derat10n. 

7he a1m 0f th15 art1c1e 15 t0 5tudy the dependence 
0f 0pt1ca1 a650rpt10n and 0pt1ca1 9ap 0n the th1ckne55 
0f P67e th1n f11m5. 

2. EXPER1MEN7AL W 0 R K  

Lead te11ur1de 0f 99.999% pur1ty (K0ch-L19ht 
L1m1ted, En91and), wa5 u5ed t0 prepare the th1n f11m5. 
F11m5 0f th1ckne55e5 ran91n9 fr0m ~ 2 0 0 n m  t0 
~700nm,  were prepared 6y therma1 evap0rat10n 
under vacuum 0f ~ 10 3pa. 7he rate 0f evap0r- 
at10n wa5 ---0.5nm5 ~. F11m th1ckne55e5 have 6een 

determ1ned u51n9 mu1t1p1e-6eam F12eau fr1n9e5 at 
ref1ect10n [5]. Ref1ect10n and tran5m15510n mea5ure- 
ment5 were 06ta1ned u51n9 PMQ11 (Car1 2e155) 
5pectr0ph0t0meter. 7he err0r 1n ref1ect10n and tran5- 
m15510n mea5urement5 d0 n0t exceed 0.01 eV. 7he 
deta115 0f the e111p50metr1c mea5urement5 are 91ven 1n 
prev10u5 paper [6]. 7he e111p50meter wa5 ca116rated 6y 
a 51n91e cry5ta1 and para11e1 t0 (1 1 1) face. 7he uncer- 
ta1nty 1n 0pt1ca1 c0n5tant5 d0e5 n0t exceed 0.02 eV. 

3. RE5UL75  

X-ray d1ffract10n pattern5 1nd1cate the f0rmat10n 
0f P67e p01ycry5ta111ne f11m5. 1t wa5 065erved that the 
num6er 0f ref1ect10n5 and the1r 1nten51t1e5 1ncrea5e 6y 
1ncrea51n9 f11m th1ckne55.7h15 15 m0re 11ke1y t0 6e due 
t0 the 1ncrea5e 0f the de9ree 0f cry5ta111n1ty 0f P67e 
f11m5. A11 the prepared f11m5 revea1 the pre5ence 
0f trace5 0f free 1ead. F11m5 c0nta1n1n9 ne9119161e 
4uant1t1e5 0f free 1ead were 0n1y c0n51dered. 7he 
1nten51ty 0f(1 1 1) • (200) ref1ect10n5 0 fP 6  were u5ed 
f0r the r0u9h e5t1mat10n 0f 1ead. 

Ref1ect10n and tran5m15510n 5pectra f0r 50me 
f11m5 are 5h0wn 1n F195. 1 and 2. 80th ref1ect10n (R) 
and tran5m15510n (7), 5h0w ed9e5 at the 5h0rt wave- 
1en9th 51de. 7he ref1ect1v1ty 15 h19her than the tran5- 
m1551v1ty thr0u9h0ut the 1nve5t19ated 5pectra1 ran9e. 
7h15 may 6e due t0 the a650r61n9 nature 0f the f11m5. 
51m11ar 6ehav10ur wa5 065erved 1n ca5e 0f 1ead 
5e1en1de f11m5 [7]. 7he 0pt1ca1 9ap wa5 determ1ned 6y 
the meth0d de5cr16ed 6y Dem1che115 et aL [8]. 

Near the a650rpt10n ed9e, the tran5m1ttance 15 
91ven 6y; 

7 = (1 - R) exp( -c~t )  
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F19. 1. 7he re1at10n 6etween the ref1ect1v1ty percent 
and wave1en9th 1n nm. 

15 the a650rpt10n c0eff1c1ent and t 6e1n9 the f11m 
th1ckne55, then 

1n [(1 -- R)17] 
= = c0(R, 7). t 

7he dependence 0f the a650rpt10n c0eff1c1ent 0n the 
wave1en9th 15 c0mp11cated. H0wever, c0n51derat10n 0f 
the mechan15m 0f the d1fferent p055161e e1ectr0n1c 
tran51t10n5 1ead5 t0 the f0110w1n9 e4uat10n [8]. 

0:E ~ ---- A(E- E9) = [m(R, 7)]~E ~ (1) 

where E 15 the ph0t0n ener9y, E915 the 0pt1ca1 9ap and 
2 and a are parameter5 depend1n9 0n 60th the type 0f 
the tran51t10n (d1rect 0r 1nd1rect) and the pr0f11e 
0f the e1ectr0n den51ty 1n the va1ency and c0nduct10n 
6and5. Here A, 15 a c0n5tant 1nc1ud1n9 the th1ckne55 
t. 1t 15 w0rthy t0 n0te that the meth0d e11m1nate5 
the err0r5 ar151n9 fr0m the uncerta1nty 1n th1ckne55 
determ1nat10n. 

7he dependence 0f [09(R, 7)]~E ~ 0n the ph0t0n 
ener9y E wa5 p10tted f0r d1fferent va1ue5 0f 7 and a. 
7he 6e5t f1t wa5 065erved f0r ~ = a = 1. F19ure 3, 

7a61e 1. 

t(nm) L 6 (2)-L 6•, ( 1 ) L 6 (2)-L61 (2 L 6 ( 1 )-L6: (2) 

E9 eV E1 eV E2 eV 

201 0.34 1.44 2.66 
305 0.34 1.40 2.62 
359 0.32 1.40 2.58 
501 0.28 1.46 2.58 
601 0.30 1.42 2.44 
701 0.28 1.42 2.44 

{0.19 (11) 1.30 (9• 10) 2.52(9 ~ 10) 
8u1k 0.19,0 1.24(12) 2.45(12) 
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F19. 2. 7he re1at10n 6etween the 0pt1ca1 den51ty and 
wave1en9th 1n nm (tran5m15510n 5pectra). 

111u5trate5 5uch dependence. Extrap01at10n 91ve5 the 
va1ue5 0f E9 the e5t1mated va1ue5 0f the 0pt1ca1 9ap f0r 
d1fferent th1ckne55e5 are 115ted 1n 7a61e 1. 

1t 15 065erved that the w1dth 0f the 9ap tend5 t0 
decrea5e w1th 1ncrea51n9 th1ckne55, and appr0ach1n9 
the kn0wn va1ue 0f the 6u1k P67e. 7h15 6ehav10ur 
c0u1d 6e acc0unted f0r 6y a55um1n9 that at 10w th1ck- 
ne55, the m0rph01091ca1 character15t1c5 0f the 
prepared f11m5 are d1fferent than that 0f 6u1k 1ead 
te11ur1de. 1n add1t10n, 1n 6u1k the 5ma11 cry5taU1te5 
are rand0m1y 0r1ented and hence a1m05t a11 X-ray 
ref1ect10n5 can 6e 065erved. 7h15 15 1n a9reement w1th 
the 06ta1ned X-ray d1ffract10n data where the de9ree 
0f cry5ta111n1ty (num6er and 1nten51ty 0f ref1ect10n5) 
1ncrea5e5 6y 1ncrea51n9 f11m th1ckne55. 1n 0ther w0rd5 
the f11m5 appr0ache5 the 6u1k 6ehav10ur a5 the th1ck- 
ne55 1ncrea5e5. 1t 15 w0rthy t0 ment10n that a1th0u9h 
f11m5 0f th1ckne55 t <~ 150 nm exh161t p01ycry5ta111ne 
nature, they 91ve n0 5y5temat1c 0r repr0duc161e 
re5u1t5. 
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F19. 3 .7he  dependence 0f [m(R, 7)] E 0n the ph0t0n 
ener9y E. 
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F19. 4. 7he 6and 5tructure 0f P67e. 

C0n51derat10n 0f the 6and 5tructure 0f P67e 
(F19. 4), a110w5 t0 a55ume that 5uch 9ap fr0m the 
d1rect tran51t10n 6etween 1eve15 L6(2)-L61(1). 5uch 
tran51t10n wa5 f0und 60th the0ret1ca11y [9, 10] and 
exper1menta11y [11] t0 6e 0.19 eV. 7he  d1fferent va1ue5 
06ta1ned 1n the pre5ent 5tudy may 6e attr16uted t0 the 
d1fference 6etween the 6u1k and f11m. 1n the 1atter ca5e, 
a1th0u9h the feature5 0f the 6and 5tart t0 appear, 
5urface effect5 cann0t 6e ne91ected. 

4. ELL1P50ME7R1C M E A 5 U R E M E N 7 5  

7he dependence 0f the 0pt1ca1 c0n5tant5 n and K 
0f 50me f11m5 0n the wave1en9th 15 5h0wn 1n F19. 5. 
7he ca1cu1ated a650rpt10n c0eff1c1ent ~ = (4nK)/2 a5 
a funct10n 0f ph0t0n ener9y f0r 50me f11m515111u5trated 
1n F19. (6). 7he 5pectra 0f a11 f11m5 f0110w a c0mm0n 
pattern. 7w0 peak5 are 065erved at a60ut 1.4 and 
,-~ 2.5 eV. 7he p051t10n 0f 6and5 are 115ted 1n 7a61e 1. 
1t c0u1d 6e 5een that the 06ta1ned va1ue5 d1ffer fr0m 
th05e 06ta1ned 6y 0ther auth0r5 [1 1]. 7h15 may 6e due 
t0 the d1fference 6etween the 6u1k and the f11m5, a5 
5tated 1n a60ve ar9ument. 

5. ANALY515 0 F  7 H E  RE5UL75  

7he 6and 5tructure 0f P67e 91ven 1n F19. (4), 
5h0w5 that the 10we5t p055161e tran51t10n 11e5 at 
the p01nt L [K = n/a (1 1 1)], 0n the 5urface 0f the 
8r1110u1n. F0r P67e, 5uch tran51t10n 15 0f ener9y 0f 
0.19eV [9-11]. 7he e5t1mated 0pt1ca1 9ap 15 5119ht1y 
h19her than th15 va1ue, wh1ch may 6e due t0 the 5truc- 
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F19. 5. 7he dependence 0f the 0pt1ca1 c0n5tant5 
(n and k) 0n wave1en9th. 

tura1 d1fference5 6etween 6u1k and f11m5. 7he a60ve 
ar9ument 15 5upp0rted 6y the fact that the e5t1mated 
va1ue5 f0r h19her-th1ckne55 f11m5 appr0ach that 0f the 
6u1k. 

F0r p01ycry5ta111ne mater1a1, d1rect tran51t10n 
c0rre5p0nd5 t0 2 = a = 1 [9]. 7h15 a110w5 t0 attr16ute 
the e5t1mated 9ap t0 the d1rect tran51t10n L~(2)-L61(1). 

7he 5ymmetry 0f the p01nt L 15 D3d and the t0ta1 
wave funct10n 15 tran5f0rmed acc0rd1n9 t0 d1rect 
p r 0 d u c t  L 1 X D~ [12]. 

Re501v1n91nt0 the 1rreduc161e c0mp0nent5 revea15 
the 5p11tt1n9 1nt0 51x c0mp0nent5. 7he p055161e tran- 
51t10n5 a10n9 w1th the1r ener91e5 are 115ted 1n 7a61e 1. 
1t 15 w0rthy t0 n0te that three 0f 5uch 1eve15 6e10n9 t0 
the va1ency 6and and the 0ther5 t0 the c0nduct10n 
6and. 7he 5ymmetry type5 0f wave funct10n 1nv01ved 
are 5, P and d 0f P6 and 7e  a5 5h0wn 1n 7a61e 2. 

7he a110wed pred1cted tran51t10n5 1n the v15161e 
re910n w111 6e L6(2)-L~1(2) and L36(1)-L61(2). Acc0rd- 
1n91y, 1t 15 ea5y t0 a5519n the 065erved a650rpt10n 
6and5. 7he f1r5t 6and at ~ 1.4eV, m05t pr06a61y 
ar15e5 fr0m the tran51t10n L~(1)-L61 wh11e the 5ec0nd 
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F19.6.7he re1at10n 6etween the ca1cu1ated a650rpt10n 
c0eff1c1ent (~) and ph0t0n ener9y. 
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7a61e 2. REFERENCE5 

5tate An10n Cat10n 

L~ P 5 
L 2 , 5 P 

L 3 P d 
Ly d 4 

L6(1)-L6(2) 15 re5p0n5161e f0r the a650rpt10n 6and at 
2.5 eV. M0re0ver, 1n term5 0f at0m1c wave funct10n 

0f 60th 7e and P6 and acc0rd1n9 t0 7a61e 2 1t 15 c1ear 
that: 

(1) 7he 0pt1ca1 9ap 15 due t0 tran51t10n5 fr0m 
(P7e + 5p6)t0 (d~e + PP6) 

(11) 7he tw0 peak5 are due t0 

(57, + Pp6) ~ (P7e + 5p6) 

and 

(P7e + dp6) ~ (P,e + 5p6). 

1t 15 c1ear that a11 the 1eve15 are m1xed, c0n51der1n9 
the tran51t10n5 6etween 1eve15 0f the 5ame at0m5, 1t 
c0u1d 6e 5een that a11 the a60ve tran51t10n5 are d1p01e 
tran51t10n5, except the 1a5t 0ne. 7he 1a5t 0ne 15 f0r- 
61dden 6y 5e1ect10n ru1e5.7he 065erved h19h a650rpt10n 
c0rre5p0nd1n9 t0 5uch tran51t10n c0u1d 6e acc0unted 
f0r the the 5tr0n9 0ver1ap 6etween Pv~ and dp6; P7~ and 
5p6. 
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