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Ambipolar drift of spatially separated electrons and holes
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We report on the ambipolar transport process of photogenerated, spatially separated charge carriers in the
doping layers of g-i-n diode under the influence of lateral electric fields. By including externally applied
electric fields into the theory of ambipolar diffusion of spatially separated electrons and holes, we show that the
transport of excess carriers can be described as a combined drift and diffusion process. Compared to the
well-known ambipolar transport in bulk material, the ambipolar diffusion process is enhanced by several orders
of magnitude, whereas the ambipolar drift can be described by the same ambipolar mobility as in bulk material
if the electric fields in both doping layers are identical. One major difference of the ambipolar drift of electrons
and holes propagating in different layers in comparison to bulk material is the possibility to control the
ambipolar mobility dynamically by changing the dark carrier densities by varying the reverse bias applied to
the p-i-n structure. Most interesting however, is the fact that the ambipolar drift can be controlled by different
external fields for electrons and holes. In order to verify the predictions of our theoretical description of the
ambipolar transport of spatially separated electrons and holes, we have developed a new pump-and-probe
technique that allows for a direct temporally and spatially resolved investigation of the various transport
scenarios. The results agree very well with the theoretical simulations.
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[. INTRODUCTION transport under these conditions. Subsequently we will show
that the theoretical predictions are in very good agreement
The ambipolar diffusion of electrons and holes separatetvith the results of pump-and-probe experiments designed to
by space charge fields ip-i-n diodes or in n-i-p-i observe excess carriers jni-n diodes temporally and spa-
structure$ has been of great interest over the last decade. Ifially resolved.
comparison to a common plasma of electrons and holes, two We solely refer top-i-n diodes here. Howeven-i-p-i
major differences have been observed. First, due to thegtructures can be described within the same framework. Fur-
separation, the carriers can hardly recombine internalljthermore, we restrict our discussion to the case where the
which results in lifetimes in the range of microseconds toexternal fields applied to the two doping layers are the same
secondg, thus exceeding typical carrier lifetimes in bulk (it should be noted, however, that different external fields can
semiconductor materiab{1 ns) by up to about nine orders be applied in such systemsThis special case simplifies the
of magnitude. Second, because of the reduced Coulomb dfeory significantly and allows us to define an ambipolar
traction between carriers of opposite sign due to the separ&nobility, which is not possible in the case of different fields
tion, the repulsion between carriers of the same sign yields & the n and p layers. We show that, in contrast to the en-
diffusion process that is enhanced by internally generatefancement of the diffusion constant, the ambipolar mobility
lateral electric fields. Although the transport mechanism igs unaffected by the spatial separation of the carriers.
more complex if electrons and holes are separated from each In the following section we develop the theoretical frame-
other, it can still be described by a single ambipolar diffusionwork. In the third section the investigated sample and the
equation In p-i-n diodeé® as well as in n-i-p-i experimental setup will be described briefly. In Sec. IV we
superlattice$the diffusion coefficient has been shown to ex- Present the results of numerical calculations based on the
ceed the bulk diffusion constant by several orders of magni@mbipolar transport model derived in Sec. Il and compare
tude. Both the enhanced diffusion and the enhanced carriéhese with the results from the experiment described in Sec.
lifetime, resulting from their spatial separation, lead to diffu- lll. Finally a conclusion will be given in Sec. V.
sion lengths that are very much larger than the dimensions of
the structures under consideration. This implies that the car-
rier lifetime can be regarded as infinite compared to the time
a carrier spends within the sample, i.e., the carrier lifetime is In this section we will show that the transport of photo-
mainly limited by external recombination at the contacts, notgenerated carriers in separated layers can be described in a
by internal recombination. similar way as the transport in bulk material, the major dif-
Thus, the enhanced ambipolar diffusion is fairly well un- ference being the enhanced diffusion coefficient.
derstood and theory and experiment are in very good
agreement:°~° However, the influence of externally applied
lateral electric fields on the transport process of spatially
separated carriers has not yet been considered. For a neutralTo derive the transport equation for separated carriers, we
plasma, this process is well known as the “ambipolar drift.” briefly review the simpler case of bulk material. Let the
In this paper, we will first develop the theory describing thesteady-state electron and hole current densities be given by

Il. THEORY

A. Bulk semiconductor
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whereu, , denote the electron and hole mobiliti€, , the T gV'Aj ptG—R

respective diffusion constants, andp, the steady-state car-
rier densities, an&° the electric field. If we locally excite
additional electron-hole pairs, charges will always be
screened by carriers of the opposite charge such that né

(G andR denote the deviations of the generation and recom-
bination rates from their respective steady state values
{elds

charges will only occur on a very small scale. Therefore, we mn ap - . .
assume ambipolarity: O=— =V [(,u,nl’H- ppP) AEPK+ (g + ) pEP
An=n—ng=Ap=p—po=p. (2 keT -
+T(Mn_ﬂp)VP . 6)

Furthermore, the Einstein relation, ,= u, ,(kgT/e) are
assumed to be valid. Since in general, the mobilities of elecThus, the additional internal electric field amounts to
trons and holes differ, an additional electric fied&“ will

build up until Eq.(2) is fulfilled. The current densities there-  =puik_ const  untup go__MnT Ko kB_TV->
fore change by the amount M+ P ,unn+,uppp MmN+ upp e ( ')
6
Aj=eunAE" +eu, pEC+ kg T, Vp, The integration constant depends on the boundary conditions
(3)  and vanishes in an infinite sample. Inserting®"* into Eq.
AfpzeuppA Ebulk e,uppéo— kBTMpV*p_ (3), one obtains the well-known continuity equation for am-

bipolar transport due to the excess carrier dengity bulk
Ambipolarity[Eq. (2)] together with the continuity equations semiconductors:

d | BN . —-n) . n +n) kgl - 1. .
L VAj,+G-R=V|E UalP 1) o, | ok )va +G—R =—-VAj,+G—R.
a e Mt P mantp,p e e P
- bulk bulk 2 bulk
D it i = Hambi E D orbi (7)
|
B. Spatially separated electrons and holes Af —eu nAEp-i-n+eM pé0+kBT,u V*p
n n n n n n 1
Electrons and holes generated by photoexcitation in the ®
intrinsic layer of ap-i-n diode will be separated into the Afp:eﬂppAég-i-ueMppég_kBTMpV*p_

doping layers by the builtin field within a few picoseconds.

Since this time is very short compared to the relevant time

scale(nano seconds to millisecond®r the lateral transport,

we assume an instantaneous separation of the carriers.
Besides the strongly enhanced recombination lifetime, th .

spatial separation of electrons and holes has two major ePE; " as follows:

fects on the theoretical description of the lateral transport.

First, we have to change the three-dimensional vectors into e e A Pp— )

two-dimensional in-plane vectors, carrier densities also beAES " "=AEN" "=V (¢, — ¢,) =AEF" - —————

Since the difference between the electric potentials in the
two doping layersg,— ¢, is given by the carrier densities

é{ial the capacity density of the diodg,,, we can replace

. . . . J
come two-dimensional and are only defined within the layers P
and the unit of the current densities becomes A/m. Second,
both the external and the internal fields can differ between - e .

n amer —AERTT- “¥p (9

the two layers. Therefore, we have to repl&kby E;, and Con
EJ, andAE™ by AER"" andAES "™, respectively. Eq(3)
then becomes Assuming ambipolarityEq. (2)], one obtains
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and =0 =0 _
0= - (7? AEPTI_ const MnEn+MpEpp_ pn—mp KeTo
M+ upp MmN+ upp N+ upp €

1. > = > e
=~ (V-Aj,+V-A]) P L 11
€ MmN+ wpp Cpn P @y

=V. (/ann_"/vap)AEg_i_n—i_(Mﬂég+”pég)p
Again, the integration constant depends on the boundary

+ kBJ N iv» ) (10 conditions and vanishes if we assume an infinite sample.
e (o= pp)Vp ’“'DpCpn p, ' Inserting Eq.(11) into Eq. (8), one obtains the continuity
o equation for the lateral transport of spatially separated excess
Solving for AER"™" yields carriers:
. >0 >0
oL VAj,+G—R=V oty (PE, ~ ) p+ Pty ¥n) KT - Knkipnp € ) Vp|+G =—l€~Af +G—R.
ar e Hph+ ppp C Mpntppp e M+ ppp Cpp, e F

+ p-i-n bulk p-i-n
U drif,ambi D mbi D o (12

Comparing Eq.(12) with Eq. (7) we note two important  width whent>L2/D 4. Then, the system can be described
differences. First we observe that there is now, apart from th@iith the boundary condition that there is no net current in
usual ambipolar bulk contribution to the diffusion current, the y direction, so that the one-dimensional description is
another term, which originates from the spatial separation ofiso valid. It is worth noting here that there is no surface
electrons and holes in thei-n diode and which is also pro- recombination, since the surface band bending prevents both
portional to the gradient of the photoinduced excess chargelectrons inn-type material and holes ip-type material to
density. Therefore, this term can be interpreted as an addieach the surface. This has previously been verified
tional contribution to the diffusion current. In fact, the term, experimentallyl. When the excess carrier concentratjptis
DN s typically by several orders of magnitude larger Small compared to the dark carrier concentratioggndpo,

ambi

than the first oneD24%., as the voltages np/(n+p)C,, are the ambipolar mobilkH( as I\[)/\_/ie_zrlll as the ambipolar diffusion
typically in the range of several volts wherede is in the ~ COEffiCieNnt O ampi=Dampit Dampi) are to a good approxima-
mV range. This term is responsible for the “giant ambipolartion constant. In this “small-signal case,” E¢L2) has the
diffusion coefficient” discussed previously~9 Second, we ~analytical solution

see that the drift velocity of the photo-induced excess carrier

density,v grift, ampi €N NO Iongef be expressed by an ambipolar p(x,t>0)= N exp( B (X_Udriftt)z)’

drift mobility, ¥ i, ambi= MambiEo unIessEg= Eg. In the gen- VATD g 4Dambt

eral caseEn# E, the drift velocity still depends on the dif- (13
ference between the hole and electron dengitgnd n, but p(x,t<0)=0,

now weighted reciprocally with the f|g|d§§ anQEO, eSPEC- it the carriers are generated by a spatially and temporally
tively. Therefore, the so|gn of the drlftovelocny can Ch‘?‘nge’é-shaped pulse at=0 andt=0, provided that no additional
depending on whethd,> or <(n/p)Ep, although the sign - ,5yndary conditions are to be taken into accolirgpecifies
of Ep andE] may be the same. This implies intriguing con- the total number of carriers generated per unit length irythe
sequences for the ambipolar transport. In this paper we Willjirection. Hence, the small-signal solution is a Gaussian-
restrict our discussion mostly to the caBf=Ep and only  shaped distribution broadening with the diffusion constant
briefly outline a few consequences for the general @%e D ampi @nd drifting with the velocity g = w2 MESX
* Eg in Sec. V. The dynamics of the diffusion process of photogenerated
In the following we will also consider only the case of charge carriers is fairly well understodd:® However, Eq.
transport in one dimension, chosen to bextkrection. This  (12) cannot be solved analytically jf is not small compared
approximation is strictly valid in a system with translational to ny or py (“large-signal case} or if the finite size of the
symmetry along they direction. If the dimension in th&  sample has to be considered. Therefore, in order to predict
direction is much larger than the one in thelirection, the the dynamics of the excess carriers, we have carried out nu-
carriers will have spread almost equally over the sample’snerical simulations that essentially represent a numerical in-
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E FIG. 2. Schematic view of the sample and the principle of the
= pump-and-probe experiment.
+ -
c
4 (An+Ap)/2—p are shown in Fig. (b), the deviations from
s ambipolarity Ap—An in Fig. 1(c). In various simulations
6 Fo) £ using a broad spectrum of parameters, we never observed
< 4 ___ :;g:z E deviations lager than 1%, also in the large-signal case.
§ ----1=200ns |]
s 2F o E
T o e e E Ill. EXPERIMENT
c o \\ ;.:’ E
<2k Ny T 3 A. Sample
F - — The sample under investigation is a stripe-shaped gallium
Y SV T TV I TRV VIV SVTTI RV PO OO arsenidep-i-n diode grown by molecular beam epitaxy on a
-05-0.4-0.3-02-0.1 0.0 0.1 0.2 0.3 0.4 0.5 semi-insulating substrate. The layer structure diode consists
x (mm) of a 500 nm thickp-doped layer f,=7.5x10'® cm™3) de-

FIG. 1. (a) Excess carrier densities calculated with the assumpposr[ed _on _a _seml-lns_ulatlng Gaas subst_rate, followed by
tion p=An=Ap (model A and without this assumptidmodel B. 700 nm mtnnzlc miagerlal and a 320 nm thiokdoped layer .
(b) Comparison between the two numerical modelsn{ Ap)/2 (nD:_4'6>§ 10 cm ) on top. Mesas, as shown schemati-
—p. (c) Deviations from ambipolarityA p— An; this small devia-  C@lly in Fig. 2, were defined by photolithography and step-

tion allows for ambipolarity by generating lateral electric fields. Wise etching. The length of the sample, (3760 um) is
much larger than its widthL(,=50 um). Therefore, the

tegration of Eq.(12) in a one-dimensionallD) model sys- one-dimensional description used in the numerical simula-
tem, taking into account realistic boundary conditions givenrtions is justified fort>L§/Damb,~4 ns[cf. Eq. (14)]. The
by the contact potentials and including the screening of theliode has selective Ohmic contacts to théayer (Ge/Au
external field by the photogenerated carrighe integration annealed at 425°C) and to tlpelayer (Zn/Au annealed at
constant neglected in the derivatjon 425°) at both ends. This enables us to apply three indepen-
In order to justify the assumptions made in the derivationdent voItagesU'(ﬁﬁ) (at x=—L,/2), U;f,'?ht) (at x=+L,/2)
of Eq. (12), especially the assumption of ambipolarity, i.e., andU,,(=U,,) (see Fig. 2 However, as mentioned above,
that the space charges within a layer are always screened kye chooseU'pnz U;)n::Upn'
an opposite charge in the other layer, we carried out numeri-
cal calculations without this assumption and simulated the
transport process by solving iteratively Poisson’s equation
and the continuity equation@l). We restricted the calcula- Our experiment is a pump-and-probe experiment based on
tions to a model system of twé-doped layergtwo 1D sys- the electroabsorptiofiFranz-Keldysh effegtin the intrinsic
tems interacting with each othewhich allows for moderate layer of the diode. The pump laser pulse,m;~10 ns,
computing times compared to the more realistic ¢ase 2D \,;mp=790 nm, spot diameter40 um) excites electron-
system. Figure 1a) depicts several snapshots of the calcu-hole pairs in the intrinsic layer. These carriers are separated
lated distributions of excess electrodsn and holesAp by the builtin voltageU,; and by the additional reverse bias
(model B together with the equivalent excess carrier con-voltageU,,. Since the net charge within the layers is re-
centrationsp calculated with the numerically much simpler duced by the photogenerated carriers, the original field in the
integration of Eq(12) (model A). In the example shown, we intrinsic layer is partially screened. This enhances the trans-
assumed a model sample with the dark carrier concentratiomaission of the probe laser pulseryfope=1 NS, Nprope
no=10' cm~2 and po=4x10'? cm 2. The width of the =900 nm, spot diameter=40 xm), which follows the
intrinsic layer was assumed to be 100 noy=1 mm, and pump pulse with a variable deldyThis delay is adjusted by
U,=20 V. The excitation at,/2 andt=0 produced only a double pulse generator. Repeating the pump-and-probe
few carriers compared to the dark carrier concentrationgycle at 100 kHz and chopping the pump laser at a frequency
(small-signal case The deviations between the two models of 35 Hz, we can measure the transmission change caused by

B. Pump-and-probe experiments
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the induced charge carriers at the probing spatt delay @, .
time t using lock-in technique. The setup allows for both % Y, ¢2
spatially and time-resolved transmission change measure- umil; ) ;Jiupn]
ments, including spatial coincidence. The experimental setup o I
will be discussed in more detail in a subsequent p&ber. o e Ue &
2.5 Hb) : i ! ——u,=20v []
IV. RESULTS -~ 20l i i 1
The discussion of the obtained experimental results will §1sl i I
be restricted to one set of parameters. We choose a reverse :‘_ I i i
biasU,,=—6 V and compare the two lateral voltageg, or | ]
=0 V and 20 V. Solving Poisson’s equation fégr,— ¢, 05} - \ .
=—6 V and taking into account a surface band bending of 0.0 Lemimizs ZFTIN T Ona
about 0.7 ewEy/2, we expect for the two-dimensional 15 1.0 -0.5 00 05 1.0 1.5

dark carrier concentrationsg=1.68<10" cm 2 and p, Ax (mm)

_ 2 a2 : : - e

_b3'1>< %jolf CmH ,”respectlvely. USIhgthselcarrE;\Tobllltées FIG. 3. (a) lllustration of the experimental setup and the applied
obtaine rr??m a measuremen_t/sn—s _5 c S an voltages; the carriers are excited in the middle of the sanip)e.
mp=325 cnt/Vs, and the capacity density of the diode at c4icyjated excess carrier concentrations 25 ns, 200 ns, and 1000 ns

Upn==6 V, Cpp=12 nF/cnf, we can calculate Fhe ambi- after the excitation fotlJ ;=0 V (dash-dotted lingsand for U,
polar diffusion constant and the ambipolar mobility for the =20 v (solid lines.

small-signal case:

Dol p=0)= Dg”m"éﬁp= 0)+ DQ;#;)?(F 0) direction o_f thglnd|V|du§1I mlnorlt){ carm_ars_(electron$. AI—_
though theindividual majority carriers drift into the opposite
~17 cnf/s+6320 cnt/s direction, theexcess concentratioshifts in the same direc-

tion as the minority carriers are drifting. This is because the
minority carrier current increases due to the increased carrier
i concentration on the one hand. On the other hand, the exter-
p-i-n¢ ) — ~ . . . ! .
Mambi(p=0)~2700 cnt/Vs. (15 nal lateral field is screened by the additional carriers, which

In order to illustrate the experimental results, we first discusd? turn decreases the majority carrier current. This is a result
the results expected from the numerical integration of EqOf the condition that no unscreened net charges may occur. In
(12), taking into account the boundary conditions given bycontrast to ambipolar drift in bulk semiconductors, psi-n

the fixed values of the electric potential at the contacts. Thétructures offer the possibility to observe this process over a
pump laser pulse excites a total Mf<7x 10 electron-hole long time and over long distances.

pairs during the time betweer= —5 ns andt=+5 ns at In the experiment, we probe the carrier concentration at
x=0 [center of the device, cf. Fig(8]. The excited carriers several different positions as a function of the time delay
are assumed to be generated directly in the doping layerbetween pump and probe. For the sake of simplicity, we
whereas really the separation takes a few picoseconds. Thestrict the discussion to two distances from the excitation
calculated distributions of excess carriers for different timesspot: x; 7=*300 um and x,7=*500 um. These posi-
after excitation are depicted in Fig(i8. Let us first have a tions are indicated in Fig.(B). The excess carrier densities
look at the calculated distributions without an externally ap-for negativex were not obtained by moving the probe posi-
plied electric field U;,=0 V), i.e., at the ambipolar diffu- tion to the other side of the pump spot, but by changing the
sion without drift (dash-dotted lines in Fig.)3Due to the polarity of Uy, which makes no difference since the pump
deviation from the small-signal case, the distribution devi-spot is in the center of the sample.

ates slightly from the Gaussian shape for small times (  Figure 4 depicts the measured time-resolved relative
=25 ns). When the carrier concentration decreases, the difransmission changes due to the electro-absorption in the in-
fusion coefficient approaches the small-signal value and theinsic layer of the diode witiJ ;=0 V (dotted line$ and
resemblance of the distribution with the Gaussian shape préJd,,;,= =20 V (solid lineg at (a) x; 7==*300 um and (b)
dicted for the small-signal case by E{.3) increases. After Xx,,=*500 um.

1000 ns, the approximate analytical solution again fails due In order to interpret the measured data, we need to know
to the finite size of the sample. The carriers recombine vidow the optical transmission change is linked to the excess
the external circuit and the excess carrier concentration at thearrier density. Therefore, we determined both the depen-
contacts vanishes due to the boundary conditify- ¢, dence of the carrier density dh,, by conductivity measure-
=Upn- ments and the relation between transmission@dpg. Thus,
With U ;=20 V (left, negative; right, positive the dis- we can evaluate the time-resolved excess carrier concentra-
tribution drifts towards the positive contact. This is just thetions from the measured transmission. These are shown in
same behavior as known from the ambipolar drift in bulkFig. 5 for the two mentioned distances from the pump posi-
material, which is just the general case of minority carriertion. Theory and experiment agree well fdi,=0 and for
drift. The distribution of excess carriers moves to the driftpositivex with U ,>0.

~6300 cni/s, (14)
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(i.e., those expected to contribute to the ambipolar sjgnal
they have been neglected in our simulations. This is justified
in the case of zero lateral field. As these holes are trapped in
surface states, they recombine locally with the corresponding
electrons within the region of excitation. Therefore, they do
not contribute to the transport. The situation changes if a
negative lateral bias is applied. In this case, this hole charge
(representing the minority species with regard to the elec-
trons in the channglis drifting in the negativex direction
(with a low mobility and, hence, low drift velociiy Thus,

the apparently too fast decreasepofit negativex could be

an artifact of the surface hole drift: As the time between
subsequent pulses is 1Qs in our experiments, the signal
reflects the difference between the transmission at the delay
time 0<t<2 ws and the transmission &>10 us. Thus,

if, for instance, it takes somewhat less than 48 for the
maximum of the drifting hole pulse to reach the observation
point x, during the time 6<t<2 us the surface charge at

is still determined by the decreasing contribution of the pre-
vious pulse, while the increase due to the “new” pulse will
arrive there only at>2 us. Thus, during the interval O

FIG. 4. The measured relative transmission change of the probe- <2 S the surface zone yields an increasing contribution
pulse due to the excess carriers over the time delay between punt@ the absorption, as the reduced surface band bending,
and probe ata) x;=300 um and(b) x,=500 wm.

However, the measured carrier concentrations at negati
x are significantly lower than those obtained from the simu
lation. This is possibly due to the holes generated in the zo
between the center of thechannel and the surface. Due to
the surface band bending these holes are driven towards tlg%
surface. Although the number of carriers generated in thi
region amounts to about 15% of the total number of carrier%
generated between tipdayer and the center of thechannel

X, =300 um theoryI experiment]
U,= ov -- -m-
U,=20V —_—
U =-20V — —— .

p (10"cm™)
o
n

°
NS

e
=)

FIG. 5. The experimental and theoretical excess carrier concen-  p(x,t>0)=
trations over the time after excitatio,,=0 V, 20 V and

0

500 1000 1500 2000
t (ns)

—20 V at(a) x;=300 um and(b) x,=500 xm.

caused by the previous pulse, is recovering. Therefore, the
transmission during this time is actually lower than expected
from the theoretical simulations that neglect the surface con-

Vffibution. It should be noted that the situation for positivis

not affected by this effect, for the same reasons as in the case

NSithout lateral bias.

From the data obtained by the numerical simulation we
uld extract time-dependent ambipolar mobilities and diffu-
ion coefficients by evaluation of the mean position of the
xcess carriers and the time derivative of the mean variance
of the excess carrier distribution respectively. The time evo-
lution of the mean position of the excess carriers would yield
a drift velocity and thus the ambipolar mobility, whereas the
diffusion coefficient could be obtained by taking the time
derivative of the mean variance of the excess carrier distri-
bution. Or we could simply plot the coefficients used in the
numerical simulation as a function of time and space.

However, we intend to extract estimates of the coeffi-
cients from the experiment, i.e., from the measured time evo-
lution of the carrier densities at only a few individual probe
positions. Different methods have been used to evaluate the
ambipolar diffusion coefficient, e.g., from the time depen-
dence of the carrier concentration or the current in one layer
at one positiorl® All of these methods rely on the small
signal solution of Eq(12), i.e., Eq.(13). We propose a fur-
ther method here, which also makes use of @4). If the
excess carrier concentration is of the same order as the dark
carrier concentration of the minority carriers, which is true in
our experiment, the small-signal solution is no longer satis-
factory, but we can still use a Gaussian function, however,
with time-dependent parameters

N [X_Ugrift(t)t]z
ex;{ — )
\/47TtD;mb{t) 4D;mb£t)t
(16)
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1.0 . T . T . T , 1.5 ' T . T . T
theory T theory
o8l u experiment | - L experiment
------ small signal case ------ small signal case

t (mm2)

ambi

D

0 250 500 750 1000 "o T 250 500 750 1000
t (ns) t (ns)

FIG. 6. Square of the ambipolar diffusion distance obtained by  F|G. 7. Estimate of the ambipolar drift velocity obtained by Eq.
Eq. (17) from the experimental dat@lots and the numerical Simu- (1) from the experimental dat@ots and the numerical simulation
lation (solid line). The small signal diffusion constantD¢msi  (solid line). The small-signal drift velocity «(qr=1440 m/s) is
=6337 cni/s) is indicated by the dotted line. indicated by the dotted line.

as a fit to the measured data. The paramebgfs,(t) and Similarly, one can obtain an estimate of the drift velocity
v*.(t) then provide an estimate for the diffusion and drift of the excess carrier distribution from E@.6) as follows:

behavior of the excess carrier distribution. However, they are s .
not the diffusion coefficient and the drift velocity, since the IN(P1/p2) _X3=X1—2(Xo—X1)v grin(U)t

do not reflect the spatial dependence of these variables.  |n(p%/p9) X3—x2
Since the origin of the deviations from the numerical

simulation at negative is not quite clear, we use the carrier IN(pF1p3) | 304+ x

concentrations at the two probe positions=300 xm and :>U§rift(t)=( 1— P11pP2) | XoT Xy (19

X,=500 um to determineD, () andv(t). Letp? , de- In(p%/p9) | 2t

note the excess carrier concentrationgy=0 V atx; and The small-signal ambipolar mobility calculated in Eq.

X,, respectively, ang; , the concentrations at the two posi- (13) corresponds to an ambipolar drift velocity ofyq

tions for U ;=20 V. ~1440 m/s. In Fig. 7pjx(t)t, obtained according to Eq.
For zero applied lateral field, the drift velocity is obvi- (18) from the experimental and numerical data, is plotted

ously zero. Therefore Eq16) yields: versust. The small-signal value is indicated by the dotted

line. Again we observe the behavior we expect from Eq.

(12): the drift velocity, i.e., the slope of the curve is always

smaller than expected for the small-signal case, but ap-
!  X5—-x§ . X5— X3 proaches this value for times up to about 500 ns. The slope
= Dampft) = m- (17 of the calculated curve ranges betweef)(t=150 ns)

Prpz =820 m/s andj(t=800 ns)=975 m/s. Again, the de-

viation from the expected small signal behavior for times
If we plot DX (t)t vst, in the small-signal case we would larger than 700 ns is due to the finite size of the sample. In an
obtain a straight line through the origin whose slope is thdnfinite sample, the slope would asymptotically approach the

diffusion constant. If however the small-signal condition STl signal line.
does not hold, the diffusion coefficient is expected to exceed
its small-signal valuécf. Eq. (12)]. In Fig. 6, we show the V. CONCLUSIONS

resglts.obtained fob % p(t)t from the numerical simulation We have shown that the lateral transport of photogener-
(,SOI'Q Ilpe) and frqm our meas‘%fed da(dots).'The dotted - ated charge carriers in the doping layers @k&-n diode can

line indicates the line expected in the small-signal case withpe qescribed as a combined drift and diffusion. This process
out boundary conditionfi.e., Ly—, cf. Eq.(13)]. The ex-  iffers from bulk semiconductor ambipolar transport mainly
perimental values COI‘I’eSpond Very well with the theoreticawnh respect to the Strongly enhanced diffusion proceSS. In-
curve, the slope of which ranges between 8000°/snim-  terestingly, the drift component in the case of equal lateral
mediately after the excitation and decreases towards itfelds in both layers is essentially the same as that in bulk
small-signal value after about 700 ns. The curve then besemiconductors. However, it can be observed much easier
comes less steep than the small-signal line due to the carriedsie to the extremely enhanced recombination lifetimes. Our
arriving at the contacts. spatially and time-resolved pump-and-probe experiments

p5  ADEp(Dt
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have quantitatively confirmed the theoretical predictions. Fi-

nally we proposed methods for the determination of the am
bipolar diffusion coefficient and the drift velocity.

PHYSICAL REVIEW B 64 085307

Con
PO —p"=n(x)= —H{[Sn(x)~ $p(x)]-Upi}. (19)

In this paper we have investigated only the case that eled=or p">n(x) we obtain a nearly uniform fielE3(x) =Ep

trons and holes experience the same in-plane fields, althou

in Sec. Il we have also derived the equations describing th ;)n|<|U|pn|<|Utp

general case of different in-plane fiel@$#E]. This case
can be realized ip-i-n diodes andh-i-p-i structures(in
contrast to bulk semiconductorsy a suitable choice of three
different voltages I(J'pn, U[)n, andU,,, e.g) applied to a
structure with two Ohmi@- and two Ohmigo-layer contacts
as depicted in Fig. 2. Without entering deeply into the detail

we want to outline how the ambipolar transport of photoge

nerated carriers may be affected in this scenario. First w¥Creasl

note that in this case the steady state fi@andES will no
longer be uniform within the sample even in the dark case
The spatial dependence Bf(x) andEJ(x) follows from the
condition of continuity for the electron and hole current den-
sities together with the condition for the local electron and
hole densitiesp(x)—p"=n(x) as a function of the local
difference ¢,(X) — ¢p(x) of electric potentials for the elec-
trons and holes. For the simple case of5-a@opedp-i-n
diode with a threshold voItaglelg‘n for total electron deple-
tion in then layer and a residual hole densjt{f' this relation
reads

Upp/Lx. If the reverse voltages are chosen such that
" |, the electron density increases from left
to right, whereas the magnitude of the fi&fj(x) decreases
correspondingly, as the electron current density has to be
independent ok. With the sign ofU,,= U,y chosen as be-
fore, the pulse of photogenerated carriers will still move to

the right contact with positive drift velocity as long as

JEROQ|=[n(x)/p(x)]|Ep| still holds [see drift term in Eq.
(12)]. If, however,|U,| approache$U

| there will be an

ng region wher&(x)|<[n(x)/p(x)]|Ep| holds for

any x larger than a criticak.,. Under these circumstances
the drift velocity of the pulse will have opposite sign if the
illumination spot is located within the rangg,<x<L,. In

this case the excess carrier distribution will always drift to-
wards the poink,,, unless|E{(x)|<[n(x)/p(x)]|Ep| holds
everywhere. In the latter case the photoinduced excess car-
rier distribution, i.e., both the excess minority and the excess
majority carrier distribution will drift into the drift direction

of the majority carriers. This finding is exactly opposite to
the well-known pseudoparadox concerning the ambipolar
drift in usual bulk semiconductorsThese peculiarities have

still to be proven by future experiments.
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