
AN OPTICAL STUDY OF LITHIUM AND LITHIUM-OXYGEN COMPLEXES 

AS DONOR IMPURITIES IN SINGLE CRYSTAL SILICON 

by 

Robert Kenneth Franks 

Thesis submitted to the Graduate Faculty of the 

Virginie Polytechnic Institute 

in candidacy for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Physics 

March 1964 

Blacksburg, Virginia



LD 
S55 

| yore 

ae 
ctl 
fou



es 

TASLE OF CONTENTS 

LIST OF FIGURES .« 6 « © «© we wos 

LIST OF TABLES 4 « «© « 2 © © wo 

I. 

If, 

Itt. 

IV. 

Ve 

VI. 

Vit. 

THTRODUCTION 2 © «© © © ow eo 

REVIEW OF LITERATURE » » 2 « = 

Shallow Donor Theory . « « 

Lithium-Oxygen Interactions 

UXPRRIMENTAL DETAILS 2 6 0 6 «6 

Sample Characteristics . . 

Sanpie Preparation . « « » 

Experimental Precedure « « 

Data Reduction «. 6 « « « s 

RESULTS AND CONCLUSIONS « « « 

General oe ce eo wm wee 

The Lithium Donor in Silicon 

*. @¢ * * e §6§ 

in Silicon 

* * * * @ 

Lithium-Oxygen Interactions in Silicon 

ACKNOWLEDGMDNTS 26 6 0 2 «© oe 6 

BIBLIOGRAPUY * @ «© © © #@© #8 & € 

VITA * * # # # *# * * # 6 e 6 h6¢ 

s 8 

s s 

* 

* ss * ¢ 

e¢. 68e06mtlhUMOHhmUCOCMDHOH 

Pare 

1? 

19 

19 

19 

al 

23 

26 

26 

42 

43 

45



Figure 

1, 

Ze 

Je 

ue 

De 

Be 

Te 

Be 

Se 

LIST OF FIGURES 

Energy Level Diagram for Arsenic and Phosphorus 

in Silicon 2. ee se eo eo we eo eee sees 

Absorption Spectra, Determined by Bell (1), of 

Silicon Sample S5b-1-D 2. 2 6 es we ee @ wo oe 

Assembly of Sample, Resistance Thermometer, and 

Mounting Block 1. « «© © © © se 2 ee © ew ee ae 

Absorption Spectra of Silicon Sample N-1431-3 

Absorption Spectra of Silicon Sample M-1431-2 

Absorption Spectra of Silicon Sample Sh#3-C 

Absorption Spectra of Silicon Sample SE=3«C 

Absorption Spectra of Silicon Sample SE-1-D 

Absorption Spectra of Silicon Sample SE~-1051-2 

Page 

12 

i6 

22 

35 

36 

37



Table 

le 

26 

3s 

te 

soe LS ome 

LIST OF TARLUS 

Sample Tata 2+ 0 « © © ee ee ee oe ww 

Energy Levals for Donor Impurities in Silicon 

Relative Absorption Intensities for Donor 

Impurities in Silicon .« 6 0 «© «ee ee woe 

Donor-Like Series Appearing in Ahserpticn 

Spectra of Silicon Containing Lithium and 

Large Amounts of Oxymen « 2 6 0 © © © © © o 8 

29



wo 5m 

I, INTRODUCTION 

Certain impurities may drastically affect the electrical and 

optical properties of host semiconductor crystals due to the small 

amount of energy required to release an electron from the impurity 

atom into the crystal conduction band. In the effective mass theory 

(14), a shallow donor impurity ion and its loosely bound electron are 

considerec as a hydrogen-like system embedded in a dielectric medium, 

The effects of the crystal upon the system are concealed in the 

dielectric constant of the crystal and in the effective mass of the 

donor electron within the crystal. 

For sufficiently low temperatures the donor electrons are found 

in significant numbers only in the ground state of the system, from 

which transitions to excited states may be induced, say by infrared 

radiation, The resonances observed in optical absorption spectra may 

then be used to determine the excited state energy levels relative to 

the ground state level, the level widths, and the relative transition 

probabilities, which are proportional to the products of the absorption 

line intensities and the corresponding transition energies, 

Several optical studies of the electronic energy levals for 

shallow donors in silicon have been performed (1, 2, 22, 26). The 

results of these studies are in good agreement with the effective mass 

theory for the excited states, but agree poorly with the predicted 

pround state energy, This disparity in the predicted and the cbserved
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donor ground state energies has been attributed to the neglect of 

effects in the vicinity of the donor nucleus, 

Of all the known shallow donors in silicon, lithium (14) possesses 

those properties most closely matching the assumptions of the 

effective mass theory. fell (1) conducted an optical study of lithiun- 

doped silicon; however, in view of the lithium-oxygen interaction in 

silicon (20) and the large oxygen concentrations of his samples, it 

seems highly unlikely that any free lithium existed in the samples 

studied. 

This thesis reports research which ineludes an optical study of 

the donor structure of both monatomic lithium and lithium-oxygen come 

plexes in single crystal silicon,
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TI, REVIEW OF LITERATURE 

Shallow Donor Theory 

The theory presented here follows the work of Kohn (14), although 

in a more phenomenological form, For a more detailed treatment, the 

reader is referred to the original publication, 

In our attempt to arrive at a simple understanding of the behavior 

of donor impurities in semiconductors, we consider the impurity as a 

positive singly charped Lon and an extra electron in an otherwise 

perfect semiconductor crystal. We are Interested in the energy levels 

assumed by the electron under the influence of the perlodic potential 

of the lattice and the electrostatic potential of the ion. If it were 

not for the lonic potential, we would expect that at low temperatures 

the electron would occupy a state near the bottom of the conduction 

band. cue to its interaction with the perledic potential of the 

lattice, such an electron would move under the influence of an applied 

field as though it had a mass m*, called the effective mass, which is 

generally different from the free electron mass m. Although the 

effective mass of the electron is dependent upon the electronic state 

wave vector k, we consider it a constant for small wave vector dis- 

placements about the bottom of the conduction band, 

Next, we consider the potential within the semiconductor due to 

an impurity ion of atomic number 2% and charge + e. The semiconductor 

will be polarized so that at large distances the electrostatic potential 

V(r) will be 

Vir) 3 e/xr, (.2)



where «x is the static dielectric constant of the semiconductor and 

vr ig the distance from the impurity ion. Por small r however, the 

electrostatic potential becomes that of the ionic nucleus screened 

by the 2% = 1 remaining atomic electrons and appreaches Ze/r as r 

approaches sere, 

For the interaction between the impurity lon and the extra 

electron, we consider two possibllities. First, the electron may be 

tightly bound to the ion so thet the electron spends much of its time 

in a region where (1,1) does not apply, A description of such a 

"deept! donor atate becomes quite complicated and we will pursue the 

matter no further, On the other hand, the electron may be so loosely 

bound even in the ground atate that the electron spends most of its 

time in the region where (1.1) applies. It is in such "shallow" 

denor states that we are interested, and we shall assume that the 

potential energy U(r) of the electron in the field of the donor ion is 

2 
U(r) * «8° /er, (1.2) 

#ith the assumption that the effective mass of an electron at 

the bottom of the conduction band and the potential energy (1.2) are 

appropriate te shallow donor systems, we write the Schroedinger 

equation describing a shallow donor as 

2 2 
ES - © |roy 2 B F(r), (1.3) 

Thies differs from the equation for the hydrogen atom only by the



inclusion of the dielectric constant « and the use of the effective 

mass m* in place of the free electron mass. The static dielectric 

constant is used since the frequency of oscillation of the impurity 

electron is much lower than that of the other electrons in the 

crystal whose polarization gives rise te k in a homepolar material 

(12). The allowed energies are 

mi(e2/n )% 
E(n}) = = 

  

n=O, 1 2 * * «@ (1.4) 9x22 % s s 

The elgenfunctions are of course identical in form te those of the 

hydrogen atom and the normalized ground state wave function is 

~1/2 
f(r) = (mat) exp[-r/a*], (1.5) 

where 

at = 42x4/mite2, (1.6) 

Using the value of « and the scalar approximation of m*® approorlate 

to silicon, we obtain for the first Bohr radius a® and the ground state 

energy respectively the values 

ak = 25A (1.7) 

and 

£(0) = 29 mev (milli-electron volts). (1.8)



In comparing the First Hohr radius a*® with the silicon lattice constant 

of 5.43 A, we see that this is at least consistent with our assumption 

that the electron spends most of its time in the region where (1.1) is 

appropriate.’ 

Although the preceding analysis has given us some insight into the 

problem of shallow donor impurities in semiconductors, we wust go further 

to obtain quantitative results for such donor impurities in the silicon 

lattice, Specifically, we take into consideration the detailed structure 

of the silicon conduction band and the resulting anisotropy of the 

affective mass of an electron within the band, In silicon there are six 

equivalent conduction band minima in k-space located at the points 

(k 9959), (mK 0 pd oeeeel Dyk Ds Near any one of these minima, the 

energy of an electron may be expressed in the form (5) 

~ "2 . 2 #2 2 2 

fos ane Ck. ~ k,? + on, (ky + ke | (1,3) 

The longitudinal and transverse effective nass paraneters Ty and mt 

have, in terms of the free electron mass m, the Follewing values (5): 

27 Q,98 m, 

(1.10) 

ma =z 0,19 m, 

Using the effective Saniltonian corresponding to (1.9) we obtain 

for the donor impurity an equation of the type



  

f* 3? nz faz 9 | e 
- + me + twee JPCr) = EPCr) (1,11) 

2M az4 am, ax? ay2] eI 

which is valid under the same assumptions used to justify (1.3). The 

anisotropic effective mass equation (1.11) has been solved (11, 15) by 

| variational methods using trial funetions derived from the hydrogenic 

eigenfunctions, For example, the hydrogen ground state eigenfunction 

is proportional to exp [ wAV( x? + y% + 22) | while the corresponding 

trial function For (1,11) is proportional to exp | - ¥( 57x24 ney2 + v222)|, 

where 3 and D are variable parameters chosen to minimize the energy. 

Although the sclutions are rather different From the hydrogenic ones 

due to the large difference in m, and in» the solutions are labeled by 
ZL 

the atomic notations which indicate the hydrogenic Functions into which 

they go when me = Ms These solutions of course axhibit a six-fold 

degeneracy due to the existence of the six equivalent minima of the 

silicon conduction band, Kohn and Luttinger (16) have shown that this 

sin«fold degeneracy is reduced in the case of substitutional impurities 

when corrections are made to the potential for small r and symmetry 

arguments are considered, Their calculations indicate the existence 

of singly, doubly, and triply degenerate levels associated with the 

lowest eigenvalue of (1.11). 

In Figure 1 the donor energy levels theoretically predicted by 

Kleiner (11) are compared with those observed by Bichard and Giles (2). 

For each listed donor, all other energy levels were placed relative to 

the 3p yt level (n#3, 221, m== 1) for which the shallow donor theory was
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assumed valid. The 4P,t and 5P,+ level assignments were nade in 

deference to Zwerdling, Button, and Lax (26) and their study of 

the Zeeman effect on impurity levels in silicon, The cbserved 

energy levels of the excited states are in good agreement with theory. 

#@ can attribute the disparity between the predicted and the observed 

ground state energies to our neglect of effects in the immediate 

vicinity of the donor nucleus, The form of the potential near the 

donor nucleus has relatively little effect upon the excited states 

examined, both due to the large radii of the electrons in these 

states and to the odd parity of the wave functions which requires 

that the wave functions vanish at the donor nucleus. 

Of all the known shallow donors in silicon, the lithium donor 

best matches the assumptions made in the effective mass theory of 

shallow doners in silicon for the following reasons: 

lL. The limiting deviation from the theoretically assumed 

form of potential is relatively small due to Lithium's 

small atomic number ( 2 = 3 ), 

26 There exists only a very small volume about the donor ion 

in which the petential cannot be considered as that due to 

a point charge of + e at r = 0, due to the small radius of 

the lithium ion ( r = 0,60A (18)). 

3. Consideration of the small size of the lithium ion, the 

interstitial lattice position occupied by the ion, and the 

relatively high diffusion coefficient of lithium in silicon
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(13) indicates a minimal lattice disturbance of the silicon 

lattice. 

For the reasons stated, we expect a study of the lithium donor to 

provide an appropriate test to the validity of the enisotropic effec- 

tive mass theory of shallow donors in silicon. 

Lithium-Oxygen Interactions in Silicon 

Since lithium-omygen interactions are suspected of introducing 

complications into the study of the lithium donor in silicon, it is 

necessary that we review the results of some experiments which shed 

some light on the nature of these interactions in order to determine 

a plan of investigation, 

Using silicon samples having oxygen concentrations of the order 

of 107" fee or greater, Pell (20) measured conor concentrations as a 

function of temperature and time subsequent to the addition of the 

Lithium impurity. jlis results indicated a lithium-oxygen interaction 

in silicon which tends to an equilibrium distribution described Ly 

the expression 

{Lio]c = (o]{Li] , (1.12) 

where the bracketed expressions indicate the lithium oxide, lithium, 

and oxygen concentrations respectively, and C represents a dissociation 

constant. The dissociation constant has the same temperature depen~ 

dence as does the equilibrium solubility of Lithium in silicon and 

hag a room temperature value of 1 x 10° /ce, For samples having
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substantially higher donor concentrations than oxygen concentrations, 

his results indicated an oxygen concentration dependence of the Lithium 

precipitation time constant. This indicates a role for oxygen in the 

formation of precipitation centers. Pell suggests thet this relation 

may be useful for determining oxygen concentrations in silicon samples 

which are less than the 10" /ee value which is the minimum to be 

reliably determined by the nine micron resonance absorption method of 

Kaiser and Keck (10). 

The results of Peher (7), derived from paramagnetic resonance 

experiments on donors in silicon, tend to substantiate the conclusions 

of Pell as expressed in (1.12). Feher doped each of two silicon 

samples, one pulled from the melt and one prepared by the floating zone 

method, with lithium by a diffusion process to a donor cencentration of 

3 x 10°" see, Electron spin resonance signals indicating that the 

responsible doners cid not occupy centers of tetrahedral symmetry were 

observed in the sample pulled from the melt, however no signal was 

observed for the sample prepared by the floating zone technique. The 

primary difference in pulled and floating zone crystals is in the amount 

of oxygen present; pulled silicon crystals usually have oxygen concen=- 

trations of about 1078 fee while floating zone crystals character- 

ist:.cally have oxysen concentrations of the order of 10° 866 or lower, 

These results indicate that the donors observed in the two samples are 

not the same and that the donors in the pulled sample are most likely 

lithium-oxyzen complexes of one or more types.
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3ell‘s absorption spectra (1) of a silicon sample containing 

lithium and a large amount of oxyren are shown in Figure 2. The 

principal absorption peuks correspond to a donor with its ground 

state located thirty-nine mev below the bottom of the conduction 

band, The absorption spectra of another sample with a lower 

oxygen concentration and with the lithium impurity mainly concen- 

trated at the sample surface was also determined by Bell. This 

spectrum was essentially a typical donor absorption spectrum, i.e. 

no apparent splittings of the absorotion peaks, with an indicated 

fonization energy of thirty-nine mev. Bell concludes that oxygen 

probably plays a significant role in the formation of the donors 

responsible for the complexities of the observed absorption spectra, 

The questions raised by the appearance of the complex structure of 

Figure 2 led to the present investigation. 

We conclude from this review that the oxygen concentration must 

be considered in any study of the lithium donor in the silicon crystal, 

Specifically from (1,12) we see that the oxygen concentration should 

be much less than 107 fee if donor concentrations of the order of 

107° /ee are used since it is deslrable to have an uncomplicated spectrum 

of the lithium donor. The room temperature dissociation constant was 

used in the preceding analysis since the temperature dependence of 

the lithium diffusion in silicon (19) indicates that the room 

temperature solution of (1.12) will be "frozen in" when the sample is 

rapidly ceoled to liquid air temperatures or lower. We are also able



to conclude that a study of the donor spectra of lithium-doped 

and oxygen-rich eilicon samples might provide additional iafor« 

mation about the lithiumeoxygen interaction in silicen since we 

would expect to see different donor series corresponding to 

different lithium-oxyrsen complexes,



~1 de 

Tit, EXPERIMENTAL DETAILS 

Sample Characteristics 

The pertinent data for each sample used in this Invastigation 

is listed in Table 1. The oxygen concentrations of the various 

silicon samples were determined by the nine micron resonance 

absorption method (10) for concentrations of the order of 10?” fee 

or greater, and by precipitation time constant measurements as out- 

lined by Pell (20) for lower concentrations, The impurity type for 

each sample was determined by the use of a thermoelectric prohe as 

outlined by Dunlap (6). Resistivity measurements for the silicon 

wafers were made by the four prebe method, due to Valdes (24), with 

a probe spacing of 4,25 mm. These resistivities were used in cou~ 

junction with the data of Irvin (9) to determine the donor 

concentrations of the silicon samples, 

Sample Preparation 

With the exception of sample Sfelel, the diffusion of lithium 

into the silicon samples was accomplished in a dry helium atmosphere 

inside a fused quartz container at a temperature of 900° K, Quartz 

sinkers were used to hold the silicon wafers submerged in a tin bath 

containing 0,004% lithium by weight. Using the method outlined by 

Boltaks (3) and values of the diffusion coefficient and the solu- 

bility of lithium in silicon as determined by Pell (19, 21), diffusion 

times were calculated to insure a lithium concentration uniform to 

within five per cent for each sample. The introduction of appreciable
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amounts of impurities other than lithium into the silicon samples 

seems unlikely, considering the results of a spectroscopic analysis 

ef the high purity tin, the small amount of reactor grade lithium used, 

and the relatively snall diffusion coefficients of the other impurities 

involved. 

Sample $0-1-P was doped with lithium by Bell (1). The procedure 

differed from that outlined above by the use of a pyrex glass container 

at 730° K and by the iithium content of the tin bath. The sample was 

first submerged for a period of 23 hours at a temperature of 730° K in 

a tin bath containing 9.25% lithium by weight. Subsequently the sample 

was submerged in a pure tin bath at the same temperature where out- 

Giffusion of the Lithium was allowed for a period of 41 hours, The 

resulting Lithium cencentration is eatimated to be uniform to within 

20%. 

Prior toe the transmission measurements, each saiwple was ground and 

pelished to obtain parallel and mirrorelike surfaces, <A flat was 

ground into the periphery of each sample to facilitate contact with a 

germanium resistance thermometer. 

Lxperimental Procedure 

The arrangement of sample, germanium resistance thermometer, and 

mounting block is illustrated in Figure 3. The thermometer, calibrated 

in the range 42° K to 40,0° K, makes contact with the sample such that 

it indicates the average saanle temperature, Sample temperatures in 

the neighborhood of 20° K were achieved by attaching the mounting block 

to the bottom of the Liquid helium container of a cryostat. A thin
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Figure 3. Assembly of Sample, Resistance Thermometer, and 
Mounting Bleck,
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film of silicone prease was used to enhance the thermal contact 

between the various items mentioned. 

A grating spectrometer, previously described by Bell (1), was 

used in this investiration. The spectrometer was calibrated over the 

energy range 23.0 mev to 45,0 mev using water vapor absorption lines 

as determined by Randal, Dennison, Ginsburg and Weber (23), For use 

in the computerized data reduction, the photon energy was expressed 

as a fourth order polynomial in terms of the grating drive scale 

reading with a standard error of 9.03 mev, 

The cryostat, also described previously by Bell (1), was placed 

so that the silicon sample faces were centered in and perpendicular 

to the infrared beam of the speetrometer. For the purpose of elimi- 

nating water vapor absorption lines from the transmission measurements, 

dry nitrogen (maximum moisture content 0.00123 by weight) was con- 

tinually admitted into the spectrometer housing both during and for 

two hours prior to transmission measurements, Transmission measurements 

were taken both before and after addition of the lithium impurity to 

the silicon samples, 

Data Reduction 

4a may express the intensity I of the spectrometer beam after it 

has passed through a sample as 

(1 ~ R)2exp[-at] 
I 3 Io (2.1) 

1 + Rexp[-2at] 

  

where Ij. R, a, and t are the initial beam intensity, the sample
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surface reflectivity, the sample absorption coefficient, and the 

sample thickness respectively. we thus obtain 

I, i- Rexp{-2a.t ] 
me : exp [at - a,t.J (2.2) 
I 1 ~ Rexp[-20,t ,] : 
  

3 

for the ratio of the intensities La and I. of the spectrometer beam 

passed through the Lithium doped and undoped silicon aamples res- 

pectively. Since 

a, 7a, +0 (2.3) 
a i* 

where a, is the absorption coefficient due to the added impurity, 

we may rewrite (2.2) as 

  

in{I_/1.J t_~t 1 Rexo[20.¢ 7 
a, & near rates + a. seo cmaenanea ~~ een in c d . (2.4) 

ty ty ty 1-8 exp[-20 tJ 

Over the enerzy range of interest the absorption coefficient a 

as determined by 83ell (1) and the reflectivity B as determinad by 

Yoshinaga (25) are nearly constant and have the values of approxi- 

mately 0.12/em and 0.3 respectively. The second term of (2.4%) is 

negligible for t. = tas while the third term introduces a maxinum 

correction of - 0.3/em for the sample thickness used in this 

investigation, We used only the first term of (2.4) since the 

centributions From the other terms are quite small in every case,



The absorption coefficients were calculated for energy increments 

of 0.05 mev, using an I 8 M 1620 computer. A determination of the 

error involved in these calculations, other than that due to the 

above approximations, would be so complicated as to demand a point by 

point analysis for each spectrum. This is due not only to the form 

of the calculations, but also to the necessity of making neasurenents 

in some energy ranges where either I. and/or C4 were not much larger 

than the uncertainty due to the background signal. Fortunately, the 

uncertainties in the determination of the absorption coefficient 

have little effect upon the energy placement of the principle absorp- 

tion resonances, This is hecause the resonance form exhibits a 

rather sharp dependence upon the photon energy. However, the un- 

certainties in the determination of the absorption coefficient do 

introduce substantial uncertainty into the determination of the area 

under a resonance curve, and therefore into the relative Iintensitities 

of the absorption lines,
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IV. RESULTS AND CONCLUSIONS 

General 

For the sake of clarity, the results of this investigation are 

presented in two parts; first we discuss the lithium donor in silicon, 

and later the lithium-oxygen interaction in silicon. We present here 

a discussion of infermation which is common to both aspects of the 

problem, 

The data is presented in the form of absorption spectra in which 

the absorption coefficients are dua only to the absorption centers 

introduced into the silicon samples during the diffusion process. 

The instrumental band width ( full width at half meximum ) is indicated 

in each case for the energy rezions in which the principal absorption 

resonances occur, 

The donor energy levels are compared in Table 2 with the theoreti- 

cal (il) and other observed (2) donor energy levels, For each listed 

donor, all other energy levels were placed relative to the 3P,+ level, 

for which the shallow donor theory was assumed valid, Identification 

of the resonant absorptions with the appropriate electronic transitions 

is simplified by the following considerationss 

1. Only transitions from the ground state, or those states very 

near by, will be observed at the sample temperatures achieved, 

since only these states will be significantly populated, 

2. Transitions from the even parity ground state to the odd
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parity excited states will predominate since these are the 

only transitions allowed in the first order approximation, 

3, The observed transition enargy differences and relative 

absorption intensities should be in reasonable agreement with 

theory. 

The observed relative absorption Intensitles are compared with 

the theoretical (13) and other observed (2) relative absorption in- 

tensities in Table 3, The theoretical absorption intensity is 

calculated in terms of the oscillator strength which is proportional 

to the integrated absorption coefficient for the corresponding 

transition (4), in calculating the integrated absorption coefficients 

for the various transitions, allowances were made for the overlap of 

the absorption resonances, 

The Lithium Donor in Silicon 

Absorption spectra of the Lithium donor in silicon are shown in 

Figures 4 and 5. The spectrometer range does not allow a determination 

of the resonance absorption due to the 15 to 2P,0 transition. In view 

of the differences in impurity concentrations between the two samples, 

we attribute the broadening of the resonances of Figure 5 to inter~ 

actions between neighboring impurity centers, 1.e. concentration 

broadening. In these samples the oxygen content is so small that the 

lithium oxide concentration should be negligible. A comparison of 

these spectra with the spectra of Figure 2 shows that there are no 

common absorption resonances. This is just what we should expect from
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a consideration of the sample donor and oxygen concentrations and 

the relation (1,12). 

in Table 2 we compare the energy levels of the lithium donor 

with energy levels observed for other donors and with the energy 

levels predicted hy theory. “hile the excited stata levels of all 

donors Listed show cood agreement with theory, only the lithium 

grounc state is in reasonable agreement with the predicted prounad 

state energy. This is as we expected since, as we discussed in 

Section Ii, the devlation of the lithium fonie potential from that 

assumed in theory is net so severe as thet for the other donor ions, 

We see in Table 3 that the observed relative absorption inten- 

sities are in poor agreement with the theoretically predicted values, 

but are in reasonable ayreemant with previously determined experimental 

values, The disazreemant between the predicted and observed relative 

absorption intensities is net disturbing since Kohn (13) has indicated 

that only limited reliance should be placed on the predicted values, 

we have no knowledge a3 to the syunetry of the lithium donor's 

position within the silicon crystal, Feher's (7) electron spin 

resonance experiments on the ceners contalned in lithium-doped oxygen- 

rich silicon samples indicated that these donors did not occupy 

positions of tetrahedral symmetry. It now seema clear that the donors 

observed by Feher were not monatomic lithium atoms. 

It is of some interest to note that there is no indication of a 

Lifting of the six-fold 1S state degeneracy, ‘Sanple temperatures



during the experiment were high enourh that states havinn energies 

within several mev of the vround stete enerry would be significantly 

populatec, The existence of other 12 levels naar the ground state 

would produce secondary series of donor resonances or, if within 0.3 

nev of the ground state, intreduce a breadening and/or asymmetries 

oi the observed ground state resonances. Though no split in energy 

of the 16 state has been specifieally predicted for interstitial 

impurities, larre splits have been predicted by Kohn (14) in the 

ease of substitutional impurities in sermanium and silicon, and 

experimentally observed in the case of antimony in germaniua (8). 

Lithium-Oxygen Interactions in Silicon 

ve now turn our attention to the absorption spectra of silicon 

eontaining Lithium and rather larse amounts of oxveen. From the data 

of Bell (1), shown in Pigure ?, and additional data obtained daring 

the present research and shown in Pipures 6, 7, &, and 3, we are able 

ta reach some conelusions ahout the lithium-oxygen interaction in 

silicon. 

The main structure of the spectra of Figures 6, 7, and 8 is 

almost certainly due to a donor impurity haviag an ionization energy 

of about thirty-nine mev. In deference to Pell (20), wa shall ussizn 

the responsibility for these resonant absorptions to Lithium oxide. 

The energy levels and relative transition intensities of these 

principal resonant absorptions are compared with the theoretical and 

ether observed experimental values in Tables 2 and 3. Some of the 

other absorption resonances may be accounted far by donor transitions
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as indicated in Table 4, The various series of denor transitions 

will be referred to according to the designations used in Table 4 

for the remainder of this discussion. 

We have good redson to believe that the several series of donor 

transitions arise from different types of donors rather than from 

aifferent 15 levels of a single type donor, At low temperatures we 

may treat all similar donors as a system having highly degenerate 

discrete energy levels, This system will obey Boltzmann statistics 

(17) and the occupation index of level i relative to level } will be 

given by CUAL) exp [te ~ Ei /KTI where i, C, k, and T are the 

level degeneracy, level energy, Soltzmann's constant, and the sample 

temperature respectively. If we assume the existence af a single 

type donor with several 15 levels we would expect the magnitudes of 

the absorption peaks in series C and PD to increase with respect to 

series A by seventy per cent and thirty four per cent respectively 

upon a rise in temperature from 16° K to 33° K, Comparison of the 

spectra shown in ficures 6 and 7 indicates that no such changes 

occur, 

We see an interesting time dapendence of the absorption spectra 

of the donors resulting From the lithium-oxygen interaction in 

silicon, The sample used to determine the spectra of Figure ? was 

maintained at room temperature for twelve months prior to its us@ in 

determining the spectrum shown in Figure 8, From these spectra we



wolf Oe 

observe a time dependence of the widths, and perhaps of the energy 

placements of the resonant absorptions, Spectra of a common sample 

taken seven and fourteen days after addition of the Lithium impurity 

are shown in Figures 6 and 7 respectively. The dominance of series 

A in these spectra allows Fairly accurate measurements of its 

transition widths, After correcting for instrumental broadening, 

we find that the full width at half maximum for the 15 —> 2P + 

transition decreases from 0,3 mev to 0.95 mev within the seven day 

period, in spite of the increase in sample temperature. The decrease 

in the resonance absorption widths with time can be at least partially 

accounted fer in the last mentioned example by precipitation of the 

lithium and the corresponding reduction in the doner concentration 

bresdening. However, in the first example of the reduction with time 

of the absorption widths, there was no measurable decrease in donor 

concentration over the one year period. 

The Lithlum-oxygen interaction in silicon is apparently not 

limited to the production of LIQ. We see in Figures 7, 8, and 9 a 

tendency for the smaller series of resonances to Increase In magnitude 

relative to series A with increasing oxygen concentrations, thus 

indicating a relative increase in population for the associated donors. 

From this we might speculate about the formation of lithium-oxyzen 

complexes in which the oxygen atoms are in the majority. 

We can conclude with conficeance only that the Lithius-oxyzen 

_dnteraction in silicon is quite complex and produces several different



donor=like abserotion resonance series whose relative populations 

depend upon the tima elapsed from the addition of the lithium and 

upon the sample oxygen concentration in some complicated and as yet 

undetermined manner,
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ABSTRACT 

in the anisotropic effective maas theory of shallow donor 

impurities in silicon, we asaume (3) that a shallow donor impurity 

fon and its loosely bound electron can be adequately described by a 

Sehreedinger equation of the type 

x2 092 2 (3 22 ) 2 
; + i ; + ; + wont F(r) = EF(r), (1) 

am, oz 2m, dng ay2| xr 

Saal   

where the effects of the crystal upon the system are concealed in 

the static dielectric constant « of the silicon and the effective 

L and m of the donor electron within the silicon 

crystal, This equation has been solved by variational methods (2) 

mass parameters m 

using trial functions derived and labeled in analogy with the 

solutions of the hydrogen atom wave function into which (1) goes 

when mam smand «= 1, The binding energies so obtained are, 

in units of mev ( millieelectron volts )rt 

State o—-&s aP ,0 28 2P y+ 3P ,0 SP y+ 
  

Binding Energy 28,4 10.6 71 5.8 %.7 2.6 

The solutions of (1) are six fold dagenerate due to the existence 

of the six equivalent minima in the silicon conduction band. 

For sufficiently low temperatures the donor electrens are found 

in significant numbers only in the ground state, from which transitions 

to excited states may be Induced, say by infrared radiation, The 

resonances observed in optical absorption spectra may then be used



to determine the excited state energy levels relative to the ground 

state level, the level widths, and the relative transition probabilities, 

By assuming the validity of the anisotropic effective mass theory for 

one of the excited donor states, we can determine the energy level of 

the donor ground state and the observed donor excited states relative 

to the bottom of the silicon conduction band, 

Results of optical studies of donors in silicon are in good 

agreement with theory for the excited states; however the observed 

ground state binding energy is always larger than that predicted 

by theory by at least eleven mev (1). We may attribute the disparity 

in the ebserved and predicted donor ground state energies to our 

neglect of effects in the immediate vicinity of the donor nucleus, 

Due to lithium's small ionic radius, small atomic number, and 

interstitial lattice position, the Lithium donor best matches the 

assumptions made in the anisotropic effective mass theory of shallow 

donors in silicon. fer this reason we expect the study of the lithium 

donor in silicon to provide an appropriate test to the validity of the 

shallew donor theory. 

An analysis of absorption spectra obtained from lithium-doped 

silicon samples indicates the existence of several different types of 

donor impurities which range in ionization energy from 32.5 mev to 39,2 

mev, The relative magnitudes of the corresponding donor series show a 

strong dependence upon the oxygen content of the silicon,



For silicon samples having oxygen concentrations less than 

10" fee, the only absorption series observed is that due to the 

lithium donor, The observed lithium donor Llonization energy of 32.5 

nev is in much better agreement with the theoretically predicted 

value than that of any other donor impurity studied in silicen, 

This offers support to the validity of (1) for all regions except 

the immediate vicinity of the donor nucleus, 

Abserption spectra of lithium-doped silicon having oxygen 

concentrations preater than 10°" see’ contain several donor-like 

absorption series, but show ne trace of the lithium donor, The 

absence of significant quantities of monatomic free lithium in 

Lithium-doped oxygen-rich silicon samples has been predicted by 

Pell (4). However, the results of this investigation indicates the 

formation of several types of lithium-oxyyen complexes; while Pell 

predicted that only LiO would exist in significant quantities when 

the donor concentration is exceeded by the oxygen concentration of 

the silicon sample,
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