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Ixpurit ies iii silicon inversioil la.yers liave been t,lie subject of considerable experimental and 
t leoretical iiiterest. Tlie i i x h  purpose of tliis iilvcstigation is to  extencl the recent work on 
ground cliargecl impurities 11-type Si ii-i\wsioii layers to tlie case of the lowest excited states. 
14% sliow t#liat, with the effect,~ of disorder and for giveii impurity concentrations, binding 
e~iergies and elect,ric fields of iiiterest, tlie lowest excit,ed band would play an essential role 
i11 tlie optical a.nd t,ransport ineasiirements. 

Tlieoretical investigat,ioiis of tlie grountl- and 

excit,ed- s t a t r  impurity ba.nds in inversion layers of 

metal-oxide-remicond~~ctor (MOS) structures are im- 

porta.nt for tlie design and t,lie interpretation of 

espcriments[ ,'I. 

In wake c f  a. recent ~ o i . l < [ ~ ] ~  wc present n tltorougli 

analysis of tlie ground a.nd excikd states in thesc struc- 

tures. 

Tlie system can be  clescribed 11y the I-Iamiltonian 

where Lhe creation anniliilat,ion operat,or (ai) de- 

scribes a.n electron bound to  tlie ground (excited) st-ate 

of it single inipurity a t  site I . E ~  is tlie biiiding energy, 

wliich is takcn as our reference energy below tlie edge 

of the unperturbed first coiid~~ct~ioii ba.nd (UFCB), X 

a.re t,he st,at,e:; t,o bc considered, a.nd \/;j is tlie liopping 

energy integral. 

Tlie states are described by the wave functions[l] 

-+ -+ 

wliere R = R(z ,  y), and 

h P , ( R )  = (a0/2.rr)112 e x p ( - a o R / 2 )  (3) 

represents the surface ground state,  

represents tlie lowest excited state,  and 

is the lowest electric subband. The  variational parame- 

ters a" ,  a l  and Õ will be determined by ininimizing the 

value of tlie ISamiltoiiian, calculating the energies 

6 =< S x ( R ,  ~ ) ~ - V ~ - V V ~ + - + C Z - ~ @ ( ~ I $ ~ ( R ,  z )  > 
Z 

(6) 
In tliis equation E is the externa1 electric field, a(?), 

7 = 7(x, y, t ) ,  is the screened Coulonlb potential en- 

ergy @(I. )  = @(T, s ,  z ~ ) [ l - ~ ]  produced by tlie impurity 
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wit,hin the oxide on the iiiversion layer elect,ron, s is t,he 

screening pamn~e te r ,  aiid zo is t,he dist-aiice 1)etween tlie 

externa1 cliarged a.ncl the  ,Cj - Si02 iiiterface. E a.nd i/ 

are related to the dielectric consta.nts a.nd the effective 

inasscs respectively[']. The E: is obtained from t,he 

r e ~ a t i o i i [ ~ - ~ ]  

where E. is the expectation value of H witliout tlie 

iiiipuritg terin. The  hopping n ~ a t ~ r i x  is 

Tlie density of states is given by 

where < G,; > is the retarded siiigle-particle propaga- 

tor averaged on thc impurities co i l f igu ra t io i~ [~ ,~ ,~ ] .  \% 

calculated D(E) t,hrough tlie relations 

and 

4 

Looking a t  Eq. (11)! we see t,hat we need V(k)! which 

is tlie Fourier t,ransforni of Lhe hopping mat,rix Vij. We 
+ 

cai1 find, after some manipulation, tha t  V(k) cai1 give 

all lhe information about tlie syst.em to  be considered. 

We o11 taiii 

Then: 

O I 2 3 4 

s (8 -'I 
Figure 1. Binding energy of the 2 p o ,  state as a function 
of tlie screening parameter. Full and dashed lines corre- 
spond to a: separable potential approximation and a mod- 
ified Thomas-Fermi approximation respectively, calculated 
with the Klaiider's multiple-scattering ~cherne[~' .  The big 
and sinal1 dots are resiilts of our calculations. 

wliere 

11. R e s u l t s  

The  binding energy for 2po s ta te  is shown in Fig.1, 

for specific elect,ric field and depletion concentration 

aiid as a function of screening. Tlie results are 

compared to recent results with Klauder's multiple- 

sca.ttering approach[jl.. 111. Fig. 2 we show the Fourier 

transform for 2po and 3d*l states for s = O and zo = 0. 

At. high electric field E 2 1 0 ~ ~ e s r n  = 3 x 1012V/cm, 

we find t h t ,  ~g~ -+ 4R; and --+ 4/9RY. If we 
4 4 

let k -+ O in Eqs. 13 and 14, V2p0(z= O) -+ Vls (k  = O), 
+ 

and and ~ 3 d * ( i  = O) --+ vLs(k = O).  ~ 0 t h  systems go 

t,o t,he 1s and 2s sta.tes respectively, in the  ideally two- 

dimensional syst,enis, as obtained by Ghazali et  alL6]. 

In Fig. 3 we show the density of states for 2po and 

3dkl bands for different electric-fields and depletion 

concentrations, with s = O and to = O. T h e  impurity 

concentration piesent in the  S, - S,02 invc- ':a layer is 
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Figure 2.  Fmrier transform of tlie liopping eiiergy for t,he 
siirface ground state 2po and tlie lowest excited state 

ATO, = 1 x 10llcm-l. The iinpurity bands for high elec- 

t,ric fielcl go to  the ideally 2D separated b a n d ~ ~ ~ l ~ ] .  The 

result-s can be compared to  the 1s and 2s 2D states ob- 

t>ained by da Cunha Liil-ia and Ferreira d a  ~ i l v a l ~ ]  and 

olxerved by Hart,stein and ~owle r [~~" ] .  The effects of 

c o r r e ~ a t i o n [ ~ ~ ~ ~ ] ,  screening and distance to  the interface 

on tlie impurity bands are subject of current investiga- 

tions and will appear elsewhere. 
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Figure 3. The calculated density of states for tlie 2po and 
3dIti bancls ò r  trvo differeiit electric-fields preseiit i11 the S, - 
S,Oz iiiversion layer. TIie origin is sct at the nnperturbed 
fiist conduc ion band (UFCB) and s = O and 20 = 0. 


