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What is photodoping?

Photoexcited electrons or holes trapped by defect levels

Farmi =

Conduction Band

o e e e

Extra
elactron

2nargy
levels

N-Type

Conduction Band =

hole

energy
/ levels.

- Farmi
level

P-Type



Long relax time with stable photoexcited state
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Why we want to study photodoping?
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Processes of recombination via traps
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F1e. 1. The basic processes involved in recombination by
trapping: (a) electron capture, (b) electron emission, (c) hole
capture, (d) hole emission.

W. SHOCKLEY & W. T. READ, Jr, PHYS. REV. 1952, 87, 5



Electron capture rate

Probability of an electron be captured by traps in dE range per unit volume
Pep = fptNtCn(E)f(E)N(E)dE

Probability of an electron be emitted from traps in dE range per unit volume
Pen = ftNten(E)fp(E)N(E)dE

From thermal equilibrium F,, = F;, P.,, = P,;
Total rate of electron capture

F, — E, ©
Uen = Pen — Pen = [1 — exp <tkT>] fptthE f(E)N(E)Cn(E)dE

Cc

TABLE I. Symbols.

b=ratio of electron to hole mobility
n=density of electrons in conduction band
p=density of holes in valence band
E,=energy of highest valence band level
=¢nergy of lowest conduction band level
Eg=energy gap=E.—E,
E;=effective energy level of traps (Appendix B)
F=Fermi level for thermal equilibrium
F,=quasi-Fermi level (q.f.l.) for electrons
F,=q..l for holes
Fy=q.f.1. for traps
n;=density of electrons in an intrinsic specimen
N¢=density of traps

N(E)=density of energy levels per unit energy range

N.=effective density of levels for conduction band

N,=effective density of levels for valence band
fi=fraction of traps occupied by electrons

fpe=1{raction of traps occupied by holes
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When FE, > F;, the electron density is larger in CB than in traps, so the electrons are captured

For nondegenerate statistics, f, — 1 in CB, so the expression is simplified
Fi — E, E; — E,
Uen = nfptn — Cpftny,n = Neexp kT ,Ny = Ncexp kT
B B

Uep = pftp Cpfptpl



Recombination time

From steady state condition U., = Uy,

Recombination rate
U= UcnUcp = Cncp(pn - plnl)/[Cn(n +nq) + Cp(p + p1)]

E
G>=ni2

E,—E, —
piny = NcN,exp| ————| = NN, exp
kgT kgT

When photoexcited density change dn is small,
n=ng+onp=py+on
on No + nq Po + P1
T=—=Tpg———+Tpg————,Tpg = —, T
U Pon0+p0 "0n0+p0 PO C, no C,

1 1

In n-type, Fy > E;,nyg > po

nyg +ny E; — F
T:Tpon—O_Tpo 1+8XPT

In p-type, Fy < E;,ng < pg
nq
T=Tno + Tpo —
Et + FO - ZEl

kgT

= Tno + Tpoexp

TABLE I. Symbols.

b=ratio of electron to hole mobility
n=density of electrons in conduction band
p=density of holes in valence band
E,=energy of highest valence band level
=¢nergy of lowest conduction band level
Eg=energy gap=E.—E,
E;=effective energy level of traps (Appendix B)
F=Fermi level for thermal equilibrium
F,=quasi-Fermi level (q.f.l.) for electrons
F,=q..l for holes
Fy=q.f.1. for traps
n;=density of electrons in an intrinsic specimen
N¢=density of traps
N(E)=density of energy levels per unit energy range
N.=effective density of levels for conduction band
N,=effective density of levels for valence band
fi=fraction of traps occupied by electrons
fpe=1{raction of traps occupied by holes
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When photoexcited density change dn is large, in n-type,
T <1 N 5n> on(tpy + Tno)
To N Tpo(no + nq)
Recombination rate linear to photoexcited charge carriers.




Fo > 2E; — E;,py K N4
Traps are mostly empty but
there are not a sufficient
number of holes to recombine
with every trapped electron
before the latter is re-emitted
to CB

Dependence of recombination time

Fo < E,ng K ny
Traps are largely empty,
recombination is limited by
that an empty trap cannot
capture a hole.

FO < ZEl — Et, Po > nq

All traps are empty and the
number of holes is large /

enough that a hole will
immediately recombine
with every trapped electron

Ev

Fic. 2. Dependence of lifetime upon composition of the speci-
men. (The composition determines F;, the Fermi level for equi-
librium.) The solid curve gives total lifetime 7; the dashed curves
give the two terms of which r is the sum. The expressions in
are approximations valid for the straight segments of the curves,
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FO > Et' Nno > nq
Traps are full, all set to
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. 4 [’rpc- P ] \ .
5 0 A every hole is trapped.
no g \
\
\
\\
P
{T’““ Fﬂ‘*
EE:—Et EiL Eit Ec
Fo—™



Normalized SE Intensity

Normalized SE Intensity ()

Doping level and laser energy dependence
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Recombination resistances in various traps

o ) ) The sloping portions of the InR vs F; plot correspond
“recombination resistances.” For this purpose we note to constant lifetime. This result may be seen from the
that the quasi-Fermi levels are analogous to voltages relationship between R and 7 which is derived as follows:
and the U’s to currents. We thus introduce re=8n/U=nR/(Fo—F,) (7.4)
= = w—F), :
Ro=(Fa—F)/Un=kT/fpnCy, (7.1) and
L=t ey, (B, 8(1p)=n2{[exp(Fa—F,)/AT]—1)
the approximations holding for differences in the F's § NN . =n2(Fa—F,)/ kT = (ng+po)én, (7.5)
small compared to k7. For the steady state the recom- §[?* T “\ [hT P""}
bination currents are equal and we have “ R \\ L so that
T,
URuw+Ry)=(Fa—F)+(F—F,)=F,— Fy, (7.3) F{KT PLLO} \\ r=nlR/RT (no+ po). (7.6)
X A . ; On Fig. 3 we have also drawn In(no+ po); the straight
an equation analogous to that for resistances in series. [ Tmo }) \\ - line portions have slopes of (1/%7), so that they cancel
o N ["‘T n } the slopes of InR to give the constant lifetime portions
S f Fig. 2
~_4 of Fig. 2.

:f - The effect of a number of different sorts of traps may
. ) L be considered on the same basis. For each variety, the
Ev S . EL Et Ec recombination is represented by a pair of resistances in

series and these series pairs are combined in parallel for

F1c. 3. Variation of recombination resistances with F,. Solid entire s m
curve represents total resistance R=R,+R,; dashed curves give the entire system.
R, and R,. Expressions in [ ] are approximations valid for the
straight segments of the curves.



