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7. Primésové stavy - appendix pro Si:P

Rozbor vlivu symetrie krystalového pole na donorové stavy grupa (Tq)
Kohn-Luttinger, 1955
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By using the recently measured effective masses for n-type Si, m1=0.98 m and m2=0.19 m, approximate
solutions of the resulting effective mass Schroedinger equation are obtained. The accuracy of the solutions
was tested in the limiting cases where m2/mi=1 and 0 respectively. The nature of the resulting states and
their degeneracy is discussed in some detail, taking into account the fact that the conduction band of Si
has six equivalent minima. Experimentally measured ionization energies show that the effective mass
theory is seriously in error in the case of the ground state. This error is attributed to failure of the effective
mass theory near the donor nucleus, and allowance for this failure is made in the case of higher states. This
leads finally to a theoretical spectrum for the electrons bound by P, As, or Sb donors.
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TaBLE II. Characters of tetrahedral point-group representations.

Group
element
Represen-

tation N\ E 8C; 3C. 64 654
Ay 1 1 1 1 1
As 1 1 1 -1 -1
E 2 -1 2 0 0
T 3 0 -1 1 -1
T, 3 0 -1 -1 1
1s 6 0 2 2 0

Comparison with the characters of the irreducible
representations shows that {1s} decomposes into

{1s}=A,+E+T, (4.28)



Schéma energiovych hladin a vysledky varia¢niho vypoctu:

V7

CONTINUUM %
é O ev

3p,m=0 (6) __| =0.0057% 0.0006 ev
2p,m=%112) — | =-0,0059+0,0002 ev
25, m=0 (5) -0.0093%0.0008 ev
25,m=0 (1) ——f_ -0.0106%0.0010 ev
2p,m=0 (6) — [ -0.0113%0.0006 ev
1S, m=0 (5) —1— ~0,032%0.003 ev
15,m=0 (1) —— -0.044 ev

F16. 3. Spectrum of bound states around a phosphorus-donor.
Numbers in parentheses indicate number of approximately de-
generate states; spin degeneracy is not included. See Table VII.



Podrobny popis vypoétu

6 ekvivalentnich minim vodivostniho pasu ve sméru A v Brillouinové zong;
stavove vektory elektronu v nich ozna¢ime symboly:
|X) pro minimum ve sméru [100] ,

) [010]
z) [001] ,

) [T00],
) [010]
) [00T].

Umisténi donorového atomu ve stiedu pravidelného ¢tyfsténu je naznaceno v nasledujicim obrazku. Grupou symetrie je Ty (fadu 24) s tfidami
E: identita,
8Cs: rotace kolem diagonal (¢arkovang),
3C,: rotace kolem x,y,z,
6S,: rotace kolem x,y,z o £7/2, pak inverze (61Cy),
60y: zrcadleni (diagonalni roviny).
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Pravidelny Ctyfstén s vrcholy abcd obsazenymi atomy Si, ve stfedu O je donorovy atom.
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Aplikace operaci symetrie Ty v Sestirozm

Tii operace C, (pfispévek do charakteru je 2 — je to pocet vrcholl, které zlistdvaji na miste):
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Sest operaci oy (ptispévek do charakteru je 2 — je to pocet vrchold, které zlstavaji na misté):
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Osm operaci Cs (ptispévek do charakteru je 0 — je to pocet vrcholl, které ziistavaji na miste):
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Sest operaci S4 (prispévek do charakteru je 0 — je to pocet vrcholl, které zlistavaji na miste):
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(rotace kolem z o 7/2, pak 1)
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Rozklad 6-rozmérné reducibilni reprezentace:

Re=A; +E+T,.
Table A.32. Character table for group Ty (cubic)®

Ts (43m) E 8Cy 3CH Gog 654
x? +y? + 22 Ay 1 1 1 1
Az 1 1 —1 —1
(x® —y?, 322 —r?) E 2 —1 0 0
(RI’RF’RE}} T 3 0 —1 -1 1

Yz, 2z, TY)
(z,y,2) Ts 3 0 —1 1 -1

* Note that (yz, zz, zy) transforms as representation Ti

E 8Cs 3C, 60y 654
Re 6 0 2 2 0
Rs- Ar 5 1 1 1 1
Ro- Ar-E 3 0 1 1 1
T, 3 0 1 1 1




Provérime, Ze stavové vektory z nasledujiciho piehledu jsou bazemi odpovidajicich
ireducibilnich reprezentaci grupy Tg:

At (X)+[%)+]y)+|7)+|2)+|Z7)iN6
B ()+R)=1y)-17))2, (x)+[R)+[y)+[¥)-2]z)-2|7))12

T, ()= XN /N2, (y)-| 92, (|2)-|2))yV2 .

A trivialni.
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Tii operace Cy:
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Experimentalni pfifazeni infracervené absorpce pfechodiim mezi donorovymi stavil, obsahuje také snizeni symetrie jednoosym tlakem:

PHYSICAL REVIEW VOLUME 140, NUMBER 4A 15§ NOVEMBER 1965

Optical Determination of the Symmetry of the Ground States of
Group-V Donors in Silicon™

R. L. AccarwaL AND A. K. RamMpAS
Department of Physics, Purdue University, Lafayeite, Indiana

Excitation lines from the doublet, 1s(E), and the triplet, 1s(7";), states have been measured at tempera-
tures ~80, 59, and 30°K for P, As, and Sb donors in silicon. On the basis of the relative intensities of the
lines with the same final state it is deduced that the 1s(E) state lies above the 1s(7") state for all three im-
purities investigated. At ~30°K the 1s(7y) — 2p0,2p.. transitions for antimony impurity resolved into a
doublet. Uniaxial stress measurements for P and Sb, with compression F parallel to [100] or [110] and
with the electric vector E either parallel or perpendicular to F, indicate that the lines with 1s(7"y) as their
initial state do not exhibit any splittings or shift in their energies. On the other hand, the lines with 1s(E)
as their initial state exhibit splittings with dichroic features. Experimental observations of the number and
the positions of the stress-induced components and their polarization characteristics are consistent with the
ordering in which 1s(E) lies above 1s(7).

12



2‘:

ABSCRPTION COEFFICIENT (cm™)

N
o
|

o
I

o
l

%)
I

Silicon {Phosphorus) oo
------- T=80°K &

T« 593°K <
——————— T« 30°K 2

Is(T)—>4p,

Is(E)—=3p,

Fic. 1. Excitation spectrum of phosphorus donors in silicon.
N p~5.2X 101 cm™2, At ~30°K the peak of the line 1s(41) — 2p,
could not be located since, for the sample used, the transmission

PHOTON ENERGY (millielectron volt)

was very low.
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ToneT 2p,(2Ti+2T2)

S 2p (A+E+Ti)

(OL) éf’

Effective-mass
theory

F1e. 2. Energy-level scheme (not to scale) for the transitions
from the 1s states to the 2p0 and the 2p, states. The letters next
to a level indicate the irreducible representations of the donor-site
symmetry, T4, to which the level belongs. C.B.=conduction

band.

—21774 Is(E)

Y T Is(T)
\

‘\—l 15 (A1)

Effective-mass theory including
chemical splitting for Is states




Infracervena absorpce od nizké do vysoké teploty, postupna ionizace primésovych stavii, nakonec prevlidne obsazeni vodivostniho
kontinua (méieni UFKL 2008, FTIR Bruker IFS66, heliovy kryostat, vzorky OnSemi RoZnov, zprava LDDA). Rezistivita pri RT je 127
mQcm, ionizaéni energie pro pitechod 1s(A;)->cb je 45 meV,~365 cm™.

lS(Al)'>2p0 '>2p+,_ TransN7-Sig1TD
1.5 . , . , .
300K Si:P 7.87 Q'cm™
1s(E) 6 -3
1s(T,) 5.59x10" cm
->2
lp”’ 1s(A )->cb
1.0
1s(E)
2 200 1s(T
e
Ho 3
9: 15K
© 25
0.5
0.0 . .
0 200 400
WAVENUMBER (cm™)
Realna &ast vodivosti spoétena z transmisniho spektra Si:P (5.59E16 cm™) pii riiznych
teplotach.




15



