www.interscience.wiley.com
reprints

| —
o g~ gl
e @ stS
£ i Oy

www.pss-rapid.com
rapid research letters

I} www.pss-c.com

) c’l;.li‘;enitrtrnpi:s in solid state physics

S
e

o i
www.pss-b.com

basic solid state physics

Current Trends in Electronic Structure:
bedding and Linear Scaling Techniques

a

eck, and Eduardo Hernandez

WWW.PSS-C.com

\

folp

Rt

_—— ¢

www.pss-b.com

#WILEY-VCH

WWW.pPss-a.com

%)WILEY-VCH



Phys. Status Solidi A 206, No. 7, 1655—1659 (2009) / DOI 10.1002/pssa.200824406

Theoretical study
on the photodoping effects

status
soli

WWW.pss-a.com
applications and materials science

in La,_,Sr,MnO,/SrNb Ti, O, p—n heterojunction

Leng Liao, Kui-juan Jin’, Hui-bin Lu, Jie Qiu, Peng Han, and Li-li Zhang

Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190,

P.R. China

Received 27 September 2008, revised 2 March 2009, accepted 30 March 2009

Published online 14 May 2009

PACS 71.55.-i, 72.40.+w, 73.40.Lq, 78.20.Bh

: Corresponding author: e-mail kjjin@aphy.iphy.ac.cn

The dynamic process of photodoping effect in the heterojunc-
tion of Lag¢Sro;MnOs/StNby o, Tip 9905 is revealed theoreti-
cally. By solving Poisson Equation and time-dependent
carrier continuity equations, the evolutions of the carrier con-
centrations and the electrical potential are obtained self-
consistently. The calculated photovoltage evolution agrees

1 Introduction The perovskite oxides attract much
attention owing to their interesting magnetic, electronic,
transport properties [1—4], and unusual photo-induced
effects [5—15]. The concentration of carriers in the
perovskite oxides can be changed by the light without
changing the crystal structure or the chemical composition
of the material. It is regarded as photodoping effect [16],
due to its similarity to the chemical doping. Furthermore,
in the peroskite oxides, the concentration of doping has a
strong effect on the magnetic and electric properties [17].
Therefore, the photodoping effect can indicates a light-
controlling over the electric and even magnetic properties
of the perovskite oxides [18]. So that it is possible to create
some novel functional devices, such as light-tunable
magnets [19]. However, because of the complexity of
perovskite oxide, the mechanism of photodoping effect in
perovskite oxides is still not so clear. Thus, carrying on a
theoretical study on the dynamic process of photodoping
effects in the perovskite oxides structures should be helpful
for the understanding of the photoelectric effect in oxides.
In this work, we studied the dynamic process of photo-
doping effect in La,,Sry,MnO;/SrNby , Tij4,0; (LSMO/
SNTO) heterojunction based on the time-dependent drift-

well with the experimental data. The present results demon-
strate that the large variation of carrier concentration mainly
locates in the space-charge region of the oxide heterojunction.
It means that the photodoping effect mainly occurs in the
space-charge region of heterojunction.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

diffusion model [20] and Richardson thermionic emission
current model [21]. Using finite difference method,
Crank—Nicholson implicit scheme and Newton iteration,
we solved the Poisson equation and the continuity equa-
tions self-consistently, and the evolution of photovoltage,
the distributions of potential, and carrier concentration are
obtained. Based on our calculation, we find that, although
the photocarriers are generated all over the region of het-
erojunction, the variation of carrier concentration mainly
locates in the space-charge region. In other words, the
photodoping effect in the space-charge region is much
stronger than that in the other regions. We expect it should
have strong effect on the magnetic and electric properties
in the heterostructure as well.

2 Theoretical model The system studied in this
work is a heterojunction with a uniform and vertical irra-
diation on the surface of p-type region (LSMO) as shown
in Fig. 1. For simplicity, the movement of carriers is as-
sumed just along the growth direction of the heterojunction.
Therefore, the dynamic photoelectric process in this sys-
tem is treated as a one-dimensional process. Here, we in-
troduce a one-dimensional time-dependent drift-diffusion

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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model to describe the dynamic photodoping process in the
perovskite oxide heterojunctions.

In this model, the Poisson equation and time-dependent
continuity equations are given as follows,

2
§%§¥Q=—fumnn—Mno+NL M
X &
an(x,1) _ Op(x.0) _ On(x.1) dp(x.1)
at = /unn(x’ t) a)C2 Hn ax ax
2
+%8L)§’Z)+G(x, t)_R(xa t): (2)
e 8x
ap(x’ t) ~ aZgo(x’ t) ap(x, t) aw(.x, t)
at = ,Upp(xs t) ax2 +ﬂp ax ax
T 2
Tl P00 G =R, (3)

e ox?

where ¢(x, 1), p(x, f) and n(x, ) represent the electrostatic
potential, the concentrations of hole and electron, respec-
tively; e, € and N denote the electron charge, the dielectric
permittivity, and the net ionized impurity concentrations,
respectively. u, and u, denote the mobility of hole and
electron, respectively. k£ and T denote Boltzmann constant
and temperature, respectively. In our calculation, 7 is taken
as 300 K. G(x, 1) is the photo-created electron—hole pair
generation rate, which can be written as

G(x,t)=1,(t)af exp (—ax), 4
where [(7) denotes the intensity of incident photon
flux and is taken as 2.6 x 10%/cm’s in our calculation.
a denotes the photon absorption coefficient, and § denotes
the quantum efficiency, respectively. In our calculation,
a are taken as 1.5x10°cm™ and 1.2 x10°cm™ for
LSMO [22] and SNTO [23], p are set as 0.05 and 0.088
for LSMO and SNTO, respectively. The laser pulse
duration in the calculation was taken as 25 ns, being iden-
tical with the experiment. R(x, f) denotes the recombination
rate represented by Shockley—Read—Hall (SRH) model
[24].

p(x, 1) n(x, t)—nf
T (p(x, 1) +m) + Tp()(n(x7 H+n) '

R(x,t)= 5)

where 7, is the intrinsic carrier density, 7, and z,, are the li-
fetimes of electron and hole, respectively. The values of
net ionized impurity concentration are obtained from the
Hall measurement with N=1.0 x 10"”/cm’? in LSMO and
N=1.0 x 10*/cm® in SNTO, respectively.

At the interface of heterojunction, the Richardson
thermionic emission current is employed as interface con-

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dition [21]:
* 2
. T AE,
]Richfp = A]P\; 'exp (_%'0(_Mv))'p(ximerf _0)
vl
* 2
T AE
_% ' eXp (_% : Q(AEV)) ! p(‘ximerf + O) b
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+T6Xp —F’e(—AEC) P Xiperr +0) 5
c2
(7

where, jrin p and jrich o are the Richardson thermionic emis-
sion hole and electron current, respectively. x;,.¢ denotes
the position of interface; The effective Richardson
constants of hole and electron in p- and n-type regions
of heterojunction are expressed as A%, =4nem* i/,
A%, = dnem* )/, A%, = dnem* K’/ and
A%, = 4dmem*,i’/h’, with the corresponding effective hole
(or electron) masses m%, and m%, (or m%, and m%,) in
p- and n-type regions, respectively. The N,, and N, (or
N,, and N,,) are called the effective density of states func-
tion in valence band (or in the conductive band) in the
p- and n-type regions, with the definition that
N, =2Qum* kT/K*)* and N, =2Qum*kT/h*)**  (or
N, = 2Qnm* kT/h*)** and N, =2Qum* kT/h*)*?).
AE,=E,—F, and AE,= E,—E, where E, and E,, (or E,
and E,)) are the energy of top of valence band (or bottom
of conductive band) in p- and n-type regions, respectively.
6(x) is the step function: if x <0, 6(x) =0; else if x>0,
f(x)=1.

The boundary conditions for Egs. (1), (2), and (3) are
taken as

0 ()= E,(1)=0, ®)

. Vh(t) H pB(t)

Bop —__P P , 9

0= R a0+ g ) @)
V. N

jany=— 2O () (10)

S R (p,py (1) + ptyn5 (1))

where @g(?) is the electrostatic potential on the right boun-
daries and E,(¢) is the left boundary electric field; jz ,(7)
and jg , (¢¥) denote the boundary hole and electron current
density, respetively; V,,(f) denotes the photovoltage; py(?)
and np(7) denote the concentrations of hole and eletron
on the boundaries, repectively; R and S denote the parallel
resistance and the cross area of junction, respectively.
In our calculation, R is take as 50 Q2 and S is taken as

WWW.pss-a.com
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Table 1 Material parameters (Ref. [4, 26, 27]). T ¥ -EI ) 7
ectron 4

Lag9Srg1MnO;3  SrNby g1 Tip 9903

dielectric constant (&) 10 150
electron mobility (cm?/(V s)) 10 33
hole mobility (cm*/(V s)) 1.8 6
band gap (eV) 1.0 2.8
electron effective mass (m) 4.0 7.0
hole effective mass (1) 6.0 10.0

2.5 x 10* cm”. The other important parameters are shown
in Table 1.

The initial values of ¢(x, 0), p(x, 0) and n(x, 0) for
solving Egs. (1), (2), and (3) are obtained through solving
the conventional static drift-diffusion model [20] as fol-
lows.

2
OO0 €y, 0)=n(x.0)+ V], (1
ox &
9’(x, 0) on(x, 0) dp(x,0)
/’lnn(xﬂ O) axz /Lln ax ax
2
K1 00500 e )=, (12)
e ox
’p(x,0) 9Ip(x,0) dg(x, 0)
4,p(x,0) e + 4, o .
kT 9
+iaL)§’O)_R(x’ 0)=0,
e ox
(13)

3 Results and discussion The LSMO/SNTO hetero-
junction was fabricated by deposing a 40 nm thick p-type
LSMO layer on n-type SNTO (001) substrate by laser mo-
lecular-beam epitaxy (Laser-MBE) [25]. A 50 Q parallel
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Figure 1 (online colour at: www.pss-a.com) (a) Experimental
evolution of photovoltage in the LSMO/SNTO heterojunction
connected with 50 Q resistance. The insert presents the illustra-
tion of heterojunction for voltaic measurement. (b) The calculated
evolution of photovoltage.
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Figure 2 (online colour at: www.pss-a.com) (a) Calculated en-
ergy-band profile in the LSMO/SNTO heterojunction, in which
the carrier movement is exhibited. (b) The distribution of electric-
field in LSMO/SNTO heterojunction. The region between 25 nm
and 45 nm is space-charge region. The insert presents the illustra-
tion of charge distribution in space-charge region.

resistance is connected with LSMO/SNTO heterojunction.
A XeCl pulsed laser (energy of 1.5], wavelength of
308 nm, repetition rate of 1 Hz and duration of 20 ns) was
irradiated on the surface of LSMO layer to excite photo-
voltage, which was measured by a 500 MHz oscilloscope.
The incident energy of the laser pulse is 0.1 mJ with the
wavelength of 308 nm and the irradiated area of hetero-
junction of 0.3 cm?. The energy of 308 nm photon is about
4.0 eV, which is larger than the band gaps of LSMO
(~1.0 eV) and SNTO (~2.8 V). Therefore, the photocarri-
ers can be produced both in the LSMO and SNTO. Fig-
ure 1(a) represents the experimental evolution of photo-
voltage response in LSMO/SNTO heterojunction and the
full width at half maximum (FWHM) is ~120 ns. The cal-
culated evolution of photovoltage is exhibited in Fig. 1(b).
The comparision of the calculated results and the measured
data is shown in Fig. 1(a).

Through solving Egs. (11)—(13), the energy band pro-
file and electric field intensity distribution in LSMO/SNTO
heterojunction can be obtained self-consistently without
light irradiation. These results are given in Fig. 2(a) and (b),
respectively. As shown in these figures, the two boundaries
of space-charge region locate on x = 25 nm and 45 nm, re-
spectively. When light irradiates on the heterojunction, the
electrons and holes are created in the bottom of conduction
band and top of valence band, respectively. Subsequently,
these photo-induced electron—hole pairs diffuse into the
spaces-charge region. In this region, the electron—hole
pairs are separated by built-in field, and the electrons and
holes drift into p-LSMO and n-SNTO regions, respectively.
The movement of carriers induces the redistribution
of charge in the space-charge region and the changing of
the electric potential difference between n- and p-type re-
gions. The detailed movement of the photocarrers in
LSMO/SNTO is discussed in the follows.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 (online colour at: www.pss-a.com) (a) Hole-
concentration variation at 4, 8, 12, 16 and 20 ns. (b) The electron-
concentration variation at 4, 8, 12, 16 and 20 ns. The region
between two dash lines is the space-charge region as shown in
Fig. 2.

Figures 3 and 4 exhibit the evolution of carrier concen-
tration and potential distribution in the period of 0—20 ns,
respectively. In this period, the light irradiates on the het-
erojunction and the electron—hole pairs are created in both
LSMO and SNTO layers. When the carriers diffuse into
the space-charge region, the electrons and holes drift into
the SNTO and LSMO layers by the built-in field, respec-
tively. In Fig. 3, it is shown that the concentrations of elec-
tron and hole increase in SNTO and LSMO regions, re-
spectively. When photo-created holes and electrons drift
into the boundaries of space-charge region, the effect of
diffusion reaches equilibrium with that of drift. The former
pushes the photo-created carriers into the space-charge re-
gion while the latter pulls them out of that region. There-
fore, the photo-induced holes and electrons can not move
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Figure 4 (online colour at: www.pss-a.com) Electric potential
distribution at 0, 4, 8, 12, 16 and 20 ns. The insert exhibits the
electric potential distribution in LSMO/SNTO heterojunction
without irradiation.
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Figure 5 (online colour at: www.pss-a.com) (a) Hole-
concentration variation at 100, 200, 300, 400 and 500 ns. (b) The
electron-concentration variation at 100, 200, 300, 400 and 500 ns.
The region between two dash lines is the space-charge region as
shown in the Fig. 2.

out of the space-charge region and the carriers accumulate
in this region. As shown in Fig. 3, the concentrations of
hole and electron increase in the right and left sides of the
space-charge region, respectively. In the homogeneous re-
gion, the variation of carrier-concentration is much smaller
than that in the space-charge region. This result indicates
that the photo-induced doping concentration appears only
in the space-charge region. Moreover, the movement of
photo-carriers reduces the charge polarization in the space-
charge region. This phenomenon is explained that both
positive and negative charge in n- and p-type regions is de-
creased by these carriers. Therefore, the potential differ-
ence between p- and n-type regions decreases with time
while laser is on. As shown in Fig. 4, the electric potential
in p-LSMO region rises with time. This behaviour corre-
sponds to the photovoltage rising.
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Figure 6 (online colour at: www.pss-a.com) Electric potential
distribution at 100, 200, 300, 400 and 500 ns. The insert exhibits
the electric potential distribution in the LSMO/SNTO heterojunc-
tion without irradiation.
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Figures 5 and 6 exhibit the evolutions of carrier
concentration and potential distribution in the period of
100—500 ns while the laser is off. In this period, the photo-
voltage is a decaying process as shown in Fig. 1. Because
the laser has been off and there are no carriers created any
more, the effect of carriers diffusing into the space-charge
region is weakened. Therefore, the equilibrium of drift and
diffusion near the boundaries of space-charge region is
broken and the effect of drift becomes greater than that of
diffusion. The photo-created carriers are gradually pulled
out of the space-charge region as shown in Fig. 5. Subse-
quently, these carriers leak out of the heterojunction
through the parallel resistance. This induces the resuming
of charge distribution in the space-charge region and the
potential in LSMO reduces to the initial value with time
as shown in Fig. 6. Consequently, the photovoltage decays
to 0.

4 Summary In conclusion, on the basis of time-
dependent drift-diffusion model and Richardson thermio-
nic emission current model, the mechanism of photodoping
effect in pervoskite oxide heterojunction LSMO/SNTO is
revealed. We obtained the dynamic evolution of photovolt-
age, which agrees well with the experimental data. The
time-dependent evolution for the distribution of carrier
concentration and potential is obtained. Our calculated re-
sults exhibit that the photo-induced variation of carrier
concentration mainly locates mainly in the space-charge
region. Namely, the photodoping effect in the space-charge
region of LSMO/SNTO heterojunction is the strongest,
which should somehow affect the magnetic and electric
properties of the heterostructure.
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