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Space-charge-limited currents are important in energyjcds\such as solar cells and light-emitting diodes,
but the available theory from the 1950’s finds it necessapotiulate defect states that are distributed in energy
in order to match data. Here we show that this postulate isvaatanted. Instead, we demonstrate that dopants
and the concomitant Frenkel effect, which have been nemlecbntrol the shape of measured current-voltage
characteristics. We also account for the observed pealeindlse power. The new theory can anchor efforts to
develop experimental techniques to measure deep-trals leve

PACS numbers: 72.20.Dp,72.20.Ht,72.20.Jv,72.70.+m

Energy-conversion devices such as solar cells and lighttrom the deep trapsThe sharp rise is initiated when all deep
emitting diodes rely on carrier injection, whose uncompen4iraps are filled, as much as is allowed by local thermal equili
sated charge and the concomitant push-back electrosddtic fi bration, but the dopant levels are now a mitigating effdud: t
give rise to space-charge-limited currents (SCLCs). [FeB] power-law rise is controlled by the dopant energy level [13]
defect-free semiconductors, such currents were predtoted and the Frenkel effect, [15] namely the lowering of the i@niz
exibited a quadratic dependence on the voltage by Mott antlon energy by the electric field, which is screened by the fre
Gurney. [6] Early data, however, [7, 8] however, exhibited a carriers. [16] The power-law rise is finished when all trapd
initial slow rise followed by a sharp, power-law rise at aieri  dopants are filled, as allowed by thermal equilibration, isnd
cal voltagely, with the Mott-Gurney limit attained asymptot- followed by the Mott-Gurney regime. For samples with high
ically. Rose [8] viewed the slow rise as an Ohmic current bytrap densities, trap-to-dopant hops may dominate theainiti
available carriers and attributed the sharp rise to deegl-le Ohmic-like rise of the current, suppressing the noise pawer
defects: injected carriers get trapped and generate a puslow voltages. [11] The detailed derivation, parameterdifer
back voltage until all traps are filled (trap-filled limit oFL); ting experiments, and a FORTRAN code, are provided in the
at the TFL, the push-back voltage is overcome and the curSupplemental Material.
rent rises vertically. The Mott-Gurney limit is approactad The basic elements of the theory are quite simple. We
higher voltages when the traps have no further effect. In deeonsider a homogeneous material with concentratiépsof
veloping a pertinent theory, Rose and later Lampert [9, 10Honors andV; of deep traps withV; > Np. At a given tem-
concluded that the only way to get a power-law instead of verperaturel’ and external voltag¥, the elecrostatic potential
tical rise in the current is to postulate an exponentialdéil obeys the Poisson equation,
defect density of states (DOS). Since then, data are typical
fitted piecemeal in the three regions, yielding limited usef Vi = _i(n +n; — N, = p), 1)
information. In 2005, measurements of noise power spetrum €€o

in organic semiconductors [11] found a peak at the TFL th‘”.‘(/vheren is the electron carrier density, is the density of

cannot be explained by the Lampert theory. Very recently, 'ttrapped electronsy; is the density of ionized donors, apd

was demonstrated [13] that the presence of dopants can ha?éethe free hole density: the electron current is

a large effect on SCLC’s because dopant electrons can fill the

deep traps, but a pertinent theory is lacking. For undoped ma Jn = fin (en€ + KT'Vn) )
terials, a Gaussian distribution of defect states was mego ’
[14] as an alternative to the exponential tail. where€ = —V¢, andp,, is the electron mobility, which de-

In this Letter, we demonstrate that the full inclusion of Pends om, N5, andT'. All quantities except” andJ depend
dopants and thanterplay between dopants and traps, which on positionz, andj;JL E(x)dx =V, whereL is the length of
controls the power-law riseremove the need to postulate an the sample. There is a corresponding equation for the hole
exponential or Gaussian defect DOS (such disributions magurrent and the relationp = n?, wheren; is the intrinsic
of course exist in materials like polymers). The underlyingdensity, whereby. is the only independent variable. Assum-
physics is simple and elegant. Dopant energy levels are bing thermal equilibration at each voltage, one can derive ex
definition above the trap levels. Because dopant densitiggressions forn,; and N;) in terms ofn (see below), whereby
must be smaller than those of the deep traps for SCLCs t&qgs. (1) and (2) are coupled equationgiandn. For each
occur, [12] most dopant electrons initially occupy trapdisy  choice ofJ, they can be solved and yield the corresponding
wherebythe Ohmic rise is controlled by thermal excitation V for a current-voltage curve.
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FIG. 1: Comparing the roles of dopant and trap level configuna We now illustrate the main features and the inherent power

for amodel system. (a) Lampert model in whiehis an independent .
parameter, with a single trap level Bt — 0.5 eV: (b) E; — E, — of the comprehensive theory based on Eqs. (1)]\?2(1 \(/6()3 The
D

0.5 eV with single occupancy and different dopant energy levels Other key equations are the expressionsifpand
(c) single and double occupancies with different valuesebite  @llow for the possibility that a given defect may have two

Coulomb energy/, E;, = E. —0.5eVandEp = E. —0.3eV: (d)  trapping levels corresponding to a singly and doubly nega-
E:=E.—-05eV,U =0.33eV,andEp = E. — 0.37eV. (b)-(d) tive charged state, respectively (e.g., vacancies). [a]/Hae
have a self-consisten¥;, instead ofno. second trap level is raised by the onsite Coulomb enérgy
which we treat as a fitting parameter. We get,

10° : : e 10° : ; ——

ol @1 0l E,=0eV (b)
o | [, =-0.25 eV
E10'F 1 10'f
~ oL 0L
> 10 10
2107F 10"F

g1 NynN. exp(—E1 /kT)
N2+ gynN.exp(—E1/kT) + gan?exp(—Eo /kT)
292 Nyn? exp(—FE2 /kT)

nyg =

S107k 1 10%k { + (4
B10° 1 10% L =036V | N2 + ginN.exp(—FE1/kT) + gan? exp(—Ea /kT)
310*F 1 107t —E =037 eV ]

(&) . . .
10° - e 107 m 2‘00 sl whereg; andg. are degeneracy factorgd/. is the effective
10° pm— 10° ‘ ————— conduction band DOS [21] an#l; is the effective trap level

2 =====oSingle Uccupancy 1 2|  emme\Vith Frenkel ] H i
< 13 _3=8$g ex :g  Without Fronkel 7 for single occupancy given by
2 E =0. e 3 £ 3

£l ol Ey = E, - E.+ 0" + 6E°, (5)
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The density of donor ion&V}; is related to the free carrier
densityn and the dopant energy levEl, through

We will demonstrate that the above constitutes a compre- NoN.exp|(Ep + 6EFT + SESer — E,)/kT]

hensive theory of SCLCs. First, however, we identify therea N} =
son that Rose and subsequently Lampert were led to a dead

end and had to postulate an exponential defect DOS. In the
theory,N;) () + p(z), which is equal to the part of the elec-
tron density whose charge is compensated, is set to the de

n+ N.exp[(Ep + 6EF" + §EP" — E.)/kT]|

i ()
1I(he corrections to the energy levels include a shift duedo th
Frenkel effect for a screened Coulomb potential,

sity of free carriersyy at zero voltage and treated as a fitting 4.2¢EN — KTIn (1 + 4.2¢EN/KT)
parameter. ThoughV;) andp are constant at zero voltage, SE" ~ —— T4 2W)\ . (8
. TEEQE /€

as electrons are injected into the material, they acquire-a d

pendence orr and thgir \_/aIqueg get reduc_:ed as the volfcage which is an approximation of the exact numerical solu-
increasesThis recjuc'uc_m iV is responslblefor converting tion, where the Debye screening length is given by—
the would-be vertical rise of the current into a gradual pewe 5
law rise. \eeokT/(e2n), or the Frenkel effect for a neutral trap,

The main features of Lampert’s theory is highlighted in Fig. 1 kT ca
1a by replacingV}, (z) + p(z) by a constant, in Eq. (1) in- SEF" = —kTIn {— + — {1 — exp (——)} } , (9)
stead of using the thermodynamic expression to be presented 2 2a kT
shortly, and numerically solving the coupled Egs. (1) and (2 gg shift due to the screening charge around an ion site,
for a model system witl, = 310 nm andN, = 8.3 x 10'6
cm~3. The results are as obtained by Rose and by Lampert, s n2e2
with a vertical riseat a critical voltagey, = 24 V, followed 0B, ==+
by the Mott-GurneyV? law. Also shown in Fig. 1a is the
Ohmic rise (blue lines), calculatesgtparatelyas in Lampert's  where the+ sign is for dopant energy levels, thesign is for
theory, for several values af. In the absence of free carriers trap energy levels, and is the number of charges on the site
other than those that are injected (effectivély= 0 K), one  (the Frenkel effect was not considered in Lambert's theory)

10
Ameeg\’ (10)

getsVj at [10] The final set of equations is the temperature dependence of
the carrier mobility. [23] The total mobility is given by
eNtLQ
Vo = 5 . (3) 1 1 1 1
€€o - = — + + 9 (11)

) ) ) Mn ﬂu ﬂop ,L_Lac
If one allows thermal excitation from the deep traps at a fi-
nite temperature, one gets thenlinearrise shown in red be- where the three contributions are charged-impurity, @ptic

fore reaching the vertical rise (often called the modifiedtMo phonon, and acoustic-phonon scattering, respectivelye Th



mobilities depend on the screening lengthwhich in turn

is a nonlinear function of the mobility through the free oarr ol o Experiment 0l o Experiment
denSIlyn (\TE‘ 100k Single'LeveI 100 with Frenkel
The key difference between the full solution and prior the- g 101}~ S2ussienbOS 10"}~ without Frenkel
ory is the inclusion of the dopant iond/;, in Eq. (1). Be- 512 e
causeNg has opposite charge froid;, the turn-on voltage is S ol 10
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As the dopant sites are filled by 'njeCte.d cgrrle/?\ég de- FIG. 2: Comparing the |-V data with theory for an electroriyon

creases with the applied voltage, resulting in a much mor@py gevice [26], (a) best fits using the Lampert theory witingle

gradual increase of the current density. The dramaticedfiec rap level (blue) and a Gaussian defect DOS (red) with a sngar

dopants is demonstrated in panels b through d of Fig. 1. Iwf 0.1 eV; (b) present theory including the Frenkel effect (redil a

Fig. 1b, we show the I-V curves for a single trapfat— 0.5 neglecting the Frenkel effect (blue).

eV plus dopants (withVp = 4.5 x 10'6 cm~3) for several

values of dopant energfp from 0 to 0.37 eV belowF.,.

These curves are calculated without inclusion of the Frienkesity. p, is an effective mobility for trapped carriers,

effect. We note that carriers from the dopants provide an ini p

tial Ohmic rise, while the interplay between the dopants and __ca _

the traps slants the vertical rise in a significant way. The fe= 4kTVeXp[(Et Ep)/kT], (14)

slanted rise, however, does not have the smooth power laWhere J is the average distance between a deep t

observed in most experiments. . 9 X p trap
In Fig. 1¢c we compare results for traps that have either ongIte and a dopant site, anq _the hopping rate =

or two occupancies (negatively charged and doubly nedgtive 0 exp(—2d\/—2mEp/h) containing the aftempt ratey

charged). The three curves correspond to single occupan(‘%h'Ch 1S assumed to be the ty_plcal ph°”°’7 frequency and the

and double occupancies with — 0.23 eV and0.18 eV, re-  tunneling rate obtained from simple tunneling.

spectively. These curves are also without the Frenkel effec W& now demonstrate the power of the new theory by ap-

One feature of the double occupancy of traps is the appearanelying it to fit gnd interpret available data. In Fig.. 2 we
of a wide “modified Mott-Gurney” regime between two sharp COMPare experimental data [26] on poly(phenylene vinylene

rises corresponding t&; — Np, and2N;, respectively. The PPV, With_ the best fits_ using the Lampert_ theor_y with a single
sharp rise afV, disappears when there is double occupancy. trap or Wlth a Gaussian defe_ct DOS (with a fitted smearing
Inclusion of the Frenkel effect is not optional, its signifi- ©f 0-1 €V) in panel a, and using the present theory in panel

cance shown in Fig. 1d. It is clear that the Frenkel effect? N Fig. 2a, itis clear that a single trap energy level can-
mostly on the dopants with a Coulombic potential, plays ar['Ct account for the data. A Gaussian smeared defect DOS
important role: it straightens the slanted rise into a pawer  IMProves the fit significantly, but a deviation from the exper

(the dashed black line is a pure power law and is inserted dgental curve is evident at hi_gh_voltag_es. Fur_ther_more, the
a guide to the eye). The net conclusion is tihaakes a self- atempt to incorporate an intrinsic carrier dengiywithout
consistent solution of the coupled equations that goveen thintroducing a dopant densityp leads to a highly nonlinear
occupancy of both the dopants and the traps, including theOhmlc_: regime. Blom et al. [26] fitted the |n|t|allr|se Qf thre
Frenkel effect and multiple occupancies, to get a comphete t data with an Ohmic current and the power-law rise with Lam-
ory that generically has the observed behavior pert’s theory assuming an exponential defect DOS. Their fit
: ; T 17 em=3 Usi i

The last ingredient of the theory is a tunneling current tha¥/1€!ded a trap densitiV, = 5> 107" cmr*. Using this value,

may be present in materials with very high defect and doparf"€ ¢an use Eq. (3) for the critical fielg to getVy = 145

concentrations. The tunneling current between trap sites i+ Whereas the data exhibit a turn-on voltage~ad V and

usually considered negligible because of the large distanc® SWitch to the Mott-Gurney limit at- 20 V. We emphasize

between traps. However, when both the deep traps and tHEat in Ref. 26, the Ohmic rise was fitted by an independent
shallower dopants exist in large concentrations, an electr tneory of free carriers from dopants, with the density oéfre

in a deep trap can undergo thermally activated tunneling to garriers being an gd]ustable parameter. The Gaussiantdefec
dopant level similar to variable range hopping [24, 25].e-ik POS model [14] did not resolve this issue. _

wise, an electron in the shallow trap can tunnel into a deep YSing the present theory, we are able to fit the experimental
trap. In the presence of an electric field, such tunneling i€Urve with a single species of traps with two occupancies and

biased and contributes to the current. Equation (2) is theR© tunneling current. The Frenkel effect for the dopantgpla
modified to include this contribution, a major role in fitting the data. To demonstrate that the fit

represents internally consistent physics we examine tito cr
Jn = pin (en€ + KTVn) + epynipE, (13) ical voltages. The first corresponds to all the trap siteagpei
filled but the dopant sites, which have a higher energy level,
wheren:p = N:f(F:)[1— f(Ep)] is an effective carrier den- are still quite empty. That is the nominal TFL turn-on voktag
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FIG. 3: Fits for a SrBiTaxOy polycrystalline film [28]. (a) Solid
curves are fits using a temperature dependent dielectristanis;

(b) effective mobility for the tunneling current in the Oloiegime
as a function of temperature; (c) temperature dependertbe fifted
€ (open red circles), the filled blue circles are from Ref. 2Q;noise
power using two sets of parameters, with (red) and witholutefb
inter-trap tunneling current. The parameters without &limg can
only fit 450 K but not other temperatures.
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rial is large, the Frenkel effect is diminished by screenargl

the the I-V curves do not exhibit a straight power-law rise.
One such example is the set of temperature-dependent data
measured for a SrBia,Oy polycrystalline film [28] which
shows a strong temperature-dependent TFL region and onset
voltage. These data offer an opportunity to test the tempera
ture dependence of SCLCs predicted by the present theory.

Figure 3a shows a fit of the above data using the present the-
ory. The fitis quite satisfactory. In this case, the initiddr@ic-
like rise is dominated by the tunneling current and is not ex-
actly linear, with an activation energy, extracted from ine-
bility plot in Fig. 3b, equal to the trap-to-dopant energy+!
difference. The consistency of the fit is also demonstrated i
Fig. 3c, where the temperature dependence of the fitted di-
electric constant is compared to another experiment [29].

To further corroborate the presence of tunneling currents,
we consider the voltage dependence of the noise power. Al-
though Ref. 28 did not measure this, other measurements of
samples exhibiting SCLC indicate that the noise power peaks
slightly above the onset voltage [11]. Without the tunnglin
current between traps and dopant sites, the noise powetis hi
and approximately constant at low voltages, as shown by the
blue curve in Fig. 3d. The noise is significantly suppreséed i
the tunneling current dominates the Ohmic regime, shown as
the red curve in Fig. 3d.

In conclusion, we have shown that a proper SCLC theory
can be formulated only if the interplay between dopants and

atT = 0 K and is given by Eq. (12). Using the values of deep traps is considered and the Frenkel effect is included.
N; = 8.1 x 106 cm=2 andNp = 4.4 x 1016 cm~3 extracted : T ac L .
from the fit, we findV, = 11 V, in agreement with the data. allows the possible realization of Rose’s vision of using th
The second voltage of interest, given by Eq. (3), is when the*CLC to probe deep-trap levels in semiconductors and insu-
TFL curve turns over into the Mott-Gurney law. From the fit- lators. In particular, one can design experiments with-vari
ted N, Eq. (3) yieldsVrrr, = 24 V, also in agreement with  OUS concentrations of dopants, to “stretch” the TFL reg@n t

Fig. 2.

Recognition of the role of dopants in the SCLC phenomenon

different voltage ranges in order to provide multiple cwrve

It is clear thatwithin the TFL region the injected carriers for the study of a single deep trap level. Noise power mea-
are filling the dopant sitesThus, the slope of the I-V curve surements are useful for identifying the nature of the diffe
in the TFL region is determined by the dopant concentrationcurrent at low voltages.

Furthermorehigher dopant concentration leads to a smaller
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turn-on voltage This feature has been observed, [13, 27] butMaterials Sciences, sponsored at ORNL by the Division of
has not been properly accounted for in the SCLC theory.
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