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Exact surface solutions for semiconductors: The Dember effect and partial currents

Maja Kremart? and Wayne M. Saslotv
!Department of Physics, Texas A&M University, College Station, Texas 77840-4242
2Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Received 3 April 2002; published 4 June 2002

Exact solution of the correct linearized equations for steady-state transport in semiconductors yields two
modes that vary exponentially in space. One involves screéniitigout entropy productionand one involves
diffusion and recombinatiofwith entropy productiop neither being quasineutral. They are applied to surface
photoexcitationthe Dember effe¢tand to the adjustment of partial electron and hole currents from surface to
bulk. Other transport situations are briefly discussed.
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INTRODUCTION Huckel screening without fluxes or entropy production.
This screening mode alone, thus, can be generated on the
Electrical screening is an equilibrium phenomenon unreapplication of an electric field. The other surface mode has
lated to transport or recombination. At a metal surface, aoth electron and hole flux, or transport, as well as entropy
external field is screened by a distribution of induced charg@roduction: thediffusion-recombination modéhe charac-
that extends inward from the surface by a finite distaiies, teristic lengthl of the screening mode typically is shorter

a surface mode At the surface of a semiconductor with han tt)he i characéerlstécthlenggh_ for the C;]IfoSIOHI- "
electron and hole densitiesand p, the steady-state linear- recombination mode. Both modes possess charge. In the

. ; Dember effect, light generates a diffusion-recombination
ized transport equatlon_s can be expected to lead t_o t.WO SUhode with a relatively extended negative charge and a
face modes, one of which should corresponds to dissipation:

free electrical screening. However, in the familiar relaxation-screening mode with a relatively compact positive charge.
. LT 9. S The resultant charge separation is consistent with, but more
time approximation for recombination, wheren{at)|,cc

o ) L ; 1-3 . complex than, a physical picture wherein incident light pro-
N 5n/7“. and  (@p/dt)]rec= 5p/TP‘ str:_mghtforvvard duces equal numbers of electrons and holes at the surface,
computation shows that .bOth sur_face moo_lesmvo_lve transpoff,q higher mobility electrons extending further than the
coefficients and recombination times. This puts in doubt ”Ofower mobility holes>®

merely the screening mode, but the second mode as well.
Any study of electrical screening, or of carrier flux across IRREVERSIBLE THERMODYNAMICS

surfaces, must ensure that it is dissipation-free where appro-

priate, and gives the correct rate of energy dissipation when Consider a uniform semiconductor with an ideal surface
dissipation does occur. having no extrinsic surface states and no charged intrinsic

To ensure that dissipation occurs proper|y in the recombistates. The recombination rateis the same for both elec-
nation terms, we apply the principles of irreversible thermo-rons and holes. With the energy densityl the temperature,
dynamics; these constrain the form of the charge-carries the entropy density, ang. and w,, the electron and hole
fluxes and recombination rates by requiring that the rate oélectrochemical potentials, the fundamental thermodynamic
entropy production be non-negative. To study transportlifferential for this system is
across interfaces, for the resulting transport equatigms - -
cluding recombination we obtain the surface solutions, du=Tds+ udn+usdp. (1)
which are obtained more easily using electrochemical potengyith .. and u;, the chemical potentialgo be distinguished
tials, rather than densities, as the primary variables. This agrom the diffusivitiesu, and up),
proach generalizes to thréand more carrier systems, and
other two carrier systems. he=fle—€h, pn=pun+ed. )

The surface solutions provide a powerful and general too
for the study of surface transport, as we show explicitly for
(1) the Dember effect, wherein light steadily absorbed at a p e
surface causes a voltage difference between the surface and VZp=——=——(p—n+Ng—N,), €)
the bulk, with electron and hole partial currefit§;(2) the €€ o€
adjustment of the electron and hole partial currents from surwhere € is the semiconductor dielectric constag, is the
face to bulk. When applied to the Dember effect, having twopermittivity of free space, and the charge density e(p
surface modes makes it possible to explicitly enforce globat-n+Ng—N;). Nj andN, are the respective densities of
electroneutrality without having to make the incorrect andionized donors and acceptors, gmgandu, are often called
restrictive assumption of quasineutrality;it~d;p). To our  quasi-Fermi energies.
knowledge, all previous analytic theories of the Dember ef-  The conservation laws for this system are
fect violate global charge conservation.

As expected, one surface mode corresponds to ordinary
screening by a multicharge-carrier systefire., Debye-

|—|ere the electrical potentiap satisfies Poisson’s equation

.u s P
dutaji=0, 9s+aji=5=0, (4)
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an+aji'=r, op+ajl=r. 5

Here ji' is the energy flux densityj; is the entropy flux
density, P is the local rate of heat productiorP(T is local
rate of entropy production j{ is the electron number flux
density, and? is the hole number flux density. The fluxes,
andP are to be determined.

The time derivatives of Eq$1), (4), and(5) lead to

os=P |JU+T‘7|J| Z'Le(r_aij?)_ﬁh(r_aijip)v
== di(j' = Ti = el = i) =P T— o me
—Paimn—r (et n)- (6)

ExpressingP as a non-negative quadratic form uniquely

requires thaj!'=Tj’+ uej M+ mnjP; that

ji=- %aiT_asnﬁijin_aspaijip! (7
wherex=0 is the thermal conductivity: that
i'=—anndise— a’np(?i;’h_ ansdi T,

iP=— apnditte— appditn— apsdi T, tS)

where an=0 and app>o (I T)an=abg, (kIT)ap,
ps, and annapp/a np (by the Onsager symmetry
pr|nC|pIe Asn= Qps, Asp™ Aps, ANd = a@yy); and

=~ Mot mn) = —Mpet pp). ©)
whereA=0 is related to the electron and hole lifetimes
andzp. In equilibrium r=0, so Eq.(9) implies that ue
=—un and ue=— uy, in equilibrium, as expected.
We now express, ji', and jP in a more conventional

form. Linearizing Eq.(9) about equilibrium with Sue
=(dueldn)on and Sup=(dun/Ip) Sp yields

on  op

r=————

Th  Tp'

— 9kn
et =\

_ Ip
T =)\ -

(10
For a dilute semiconductor, as considered he#g(dn)
~kgT/ng and @un/dp)~kgT/pg, SO 7,=(Ng/kgT\) and
Tp=(p0/kBT)\).8 Now set asn= asp=anp=0, ay,
=Dy(dnldue), and ap,=Dy(dp/duy), whereD,, and D,
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Note that Poisson’s equation linearizes to

V25h= © Sp— o —e2 an+ap5
= PR T ki
e dp -~ an5~) 13
coe| apuy OMnT 5 Ok (13

SURFACE SOLUTIONS

We work at fixedT. One steady-state solution that auto-
matically satisfies Eqs(5), (8), and (9) has Se= Sup=0
andj{'=jP=0. Thus the system is in local equilibrium, with
no entropy production. This corresponds to ordinary screen-
ing: thescreening modeagiven as subscrigs. From Eq.(13),
its potential 5¢¢ satisfies

p

Iph 14

Sps= q85¢S-

Viods= 6( o )

where

e’ on e’ dp

2 - - F

2
dsn= Usp= o€ Ipin’

95= 05,1 A3,

€o€ e’

(15
For the present system an (e?ng/egekgT), qSp
= (e%po/ €gekgT), 50 3= (€% eyeksT)(No+ Po). The solu-
tion to Eq.(14) that goes to zero as— is

Ops=As expl—qgX). (16)

Izqg1 is thescreening lengthFrom Eqs.(16) and(13), the
screening mode has charge density

Sps=— €oeV2hs= — (€0€)dsAs eXp—asx).  (17)
Here dng=(dn/dwe) Sue=(eng/kgT)dps and Spg
=(9p/dpn) Spun= —(eng/kgT) s, S0 ong/ éps
= —No/Po.

The second steady-state solution to E&, (8), (9), and
(13) has ue and Su, nonzero, so the fluxeg' and jP are

nonzero. Witha,,= a,,=0, combining Egs(5), (8), and(9)
yields

— a0y Ope=—N(Spet Suun),

— appd Spn=—N(Set Spen).- (18)

are the electron and hole diffusivities. Next, define the elec-

tron and hole mobilitiesw, and x,,, which satisfy the Ein-
stein relations

eD, dn eD,
n (9/.Le~ kBT’ Mp

eD, dp eD

RS kBT
and jP then become, as

Mn= (1D

In one dimension(1D), j!

expected:®
j 2: —Dpdyn+ unndyd,

Ix §=-D pIxP— /U«pp(gxd’ (12

Let properties of thidiffusion-recombination modbe de-
noted by the subscrifgd. Now set

| , N 1 19
== Upp=—"7"= 75
P apy Dy

Then, with

Ste=Apn€XH —dpX),  Smn=App,eXH —dpX), (20)

Eq. (18) yields

q5=08,+abp (21
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andAp, /05, =Apn/Up, -
The corresponding electrostatic potentéby takes the
form

0¢p=Apexp—dpX), (22
where
A A 2.2
%: 2Dn: 2 js ql:z) > €hp. (23
QDp Upn QSqup_anan

LEq5l is the diffusion-recombination lengthnpormally
called the diffusion length. From Eg$22) and (3), the
diffusion-recombination mode possesses charge density
8pp=—(€0€)dpAp €XP(—GpX). (24
Moreover, 8o /8pp=(No/Po) (a3, A5)/ (A5, d5p)-
This is independent afi, for fixed ngpgy= niz.
The present multicarrier system, with finitecan be non-
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FIG. 1. Solid lines give photoinduced electrical poteniiat
from Eq. (28) and charge densitgp from Eq. (27). Dotted lines
give corresponding curves from linearized quasineutrality theory.

neutral only over a finite distance from the disturbance. On To compare with experiment, E¢28) gives the Dember
the other hand, a multicarrier system with no recombinationoltage ¢pe= 6(x=0) as

(and thusL —«) can be non-neutral in the bulk, far from a
disturbancé.

DEMBER EFFECT

Let light incident at the surface=0 produce equal elec-
tron and hole fluxess, so ji'=jP=G at x=0. On setting
anp=ap,=0, Egs. (8) and (20) yield the diffusion-
recombination mode amplitudes

G

A =
b dp@np’

ADp:m. (25)

Overall electroneutrality, or € [§dx Sps(X) + Spp(X)],
implies that

do
Ag=——Ap.
s qs’ P
(Applying an electric field and light in the appropriate ratio
will give Ag=0 butAp#0.)
From Egs.(17) and (26), and from Eqgs.(23)—(25), the
total charge density is

(26)

Ge? (/Jvn_:“p) (11897(15)<_(:1De7qDX
kgT Mnltp qé— qu
where the mobilities have been employed. Typically
>y, SOp(x=0) is positive, as expected if the higher mo-
bility charge-carrier preferentially leaves the vicinity of the
surface. Note thabp(x) changes in sign as increases, as

needed to produce a dipole layer.
From Eqgs.(17) and(24) the total electrostatic potential is

op(X)= (27)

(1= pp) Op ‘e 90*—ggre™ 9"
€oekgT MnMp q%- q2D

Sp(x)=
(28)

1
dsdp dstdp

Ge? (pn— Mp)
€oekgT  unpip

Ppem= (29

Equation (29) makes numerous predictions. First, since
typically un>u,, dpemis positive, as expected for a dipole
layer with positive charge closer to the surface. Further, since
typically gp<gs, the termqsdp(ds+dp)=~0a&dp . The de-
pendences afis onn ande and ofqp on u and = show that
dpem Varies inversely with carrier density, as the square
root of the characteristic recombination timeand as the
inverse square root of the characteristic mobijity respec-
tively, and is independent af.

Figures 1-4 are for an intrinsic semiconductor with equi-
librium carrier number densityg=py=n;=10 m~3, re-
combination time 7=10"° s, electron mobility w,
=1000 cnt/(V's), hole mobilityu,=200 cnf/(V's), room
temperaturekgT=0.0253 eV, and dielectric constart
=10. These values givé=26.4 um and L=64.8 um.
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FIG. 2. Electron and hole number densitireandp correspond-
ing to Fig. 1.
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FIG. 3. Charge densities for the screening and diffusion modes FIG. 4. Charge densityp from Eq. (27) for different hole
from Egs.(17) and (24). mobilities.

H H H _ 5,6
(Quasmeutrghty theory glve$—93.4 pm. ) .From Eq. ADJUSTMENT OF PARTIAL CURRENTS
(28), the ratio of the contributions of the diffusion mode and

the screening mode to the Dember voltagesqjs/qs*
=L/l. Taking G=2.0x10 m2s! gives ¢pem
=1.844 mV, 3.11 mV due to the diffusion-recombination
mode.(Linearized quasineutrality theory gives 3.63 mV; the
nonlinear version gives 3.28 mV.

The electron and hole partial currents dfe= —ej" and
JP=ejP. Let the electron-to-hole bulk and surface partial
current ratios befg=(J3"/J°)|puk (=Nomn/Pomp=5 for
Figs. 1-3 andfs=(3"3°)|surface (€-9-, . Then the ratio of

Figure 1 presents and 8p; &6 is monotonic, whereas the surface value of the electron partial current due to the

Sp changes sign, to make the system overall neutral. Figurgurface solutionJd, race soiution 10 the electron current in
2 presents the associated number densitiead p. the bulk,Jp . is a=(fs—fg)/[(1+fg)fg]. Since this sur-
The individual charge densities due to the diffusion- face partial current is due only to the diffusion-
recombination and screening modes are presented in Fig. B2combination mode, the adjustment takes place over the
Note that dng/Sps=—1 and énp/dpp=1.306 for the Iengt_h L. The scr_eening moc_Je amplitude can be determined
present parameterdncreasing both mobilities by a factor of only if the materials properties for both sides of the surface
10 would give snp /Spp=1.022) Hence quasineutrality is are specified. . . _
not a good approximation for either modéps is positive Su_rface soluyong are pr.esent m_recent numerical studies
and concentrated near the surfaég;, is negative and more Showing that spin injection in a semiconducterg., by pref-
extended(Quasineutrality theory give§p<0 for all x.) Not eren.tlal gbsorpnon of polarlzed_llghper5|sts across a
shown isE, which rises from zero at the surface and falls to — " junction!* Such a system, with up and down electrons

zero at infinity.(In linearized quasineutrality theorig is fi- ~ and with unpolarized holes, should have three surface
nite at the surface and falls to zero at infinitilumerical ~Mmodes: one screening mode and two diffusion-recombination

solutions of the macroscopic transport equations for semimodes.
conductors normally do not assume quasineutrality. Hence,
with a correct recombination term they retain the full
physics® although physical interpretation is more difficult. ACKNOWLEDGMENTS
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