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Nonexponential relaxation of photoinduced conductance in organic field effect transistors

Soumya Dutta and K. S. Narayan
Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur Campus,
Bangalore 560 064, India
(Received 4 February 2003; revised manuscript received 27 March 2003; published 29 Septemper 2003

We report detailed studies of the slow relaxation of the photoinduced excess charge carriers in organic
metal-insulator-semiconductor field effect transistors consisting of(@dlgxylthiophengas the active layer.
The relaxation process cannot be physically explained by processes, which lead to a simple or a stretched-
exponential decay behavior. Models based on serial relaxation dynamics due to a hierarchy of systems with
increasing spatial separation of the photo-generated negative and positive charges are used to explain the
results. In order to explain the observed trend, the model is further modified by introducing a gate voltage
dependent coulombic distribution manifested by the trapped negative charge carriers.
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Field effect transistors based on organic semiconductorsiechanisms are typically fitted to a stretched exponential
and conjugated polymers have spurred tremendous interestlirehavior (Kohlrausch’'s lay; The conductivity o(t)
the development of organic/plastic electronitsand = oy exd —(t/7)"], wherer is the relaxation lifetime and the
optoelectronicd® due to the lower cost, facile processability, exponenty is indicative of the degree of disorder and asso-
and chemical tenability. Apart from the technological impli- ciated with a distribution of activation energies. Two differ-
cations, the metal-insulator-semiconductor field effect tranent statistical approaches have been used to describe the de-
sistor (MISFET) geometry can also serve as a model struc-cay processes. One was proposed on the basis of a statistical
ture to study the charge transport mechanisms and transpatistribution of lifetimes of many correlated degrees of free-
parameters such as field effect mobility, and semiconductordom (parallel relaxatiop and the other was based on the
insulator interfacial density of trap states. The selective disserial relaxation to equilibrium essentially through a hierar-
tribution of the carrier density in the FET geometry with the chy of dynamical constraints proposed by Andersoml 1°
large concentration of the positive charges in the channeind further modified by Queisset al!* We highlight the
region compared to the bulk can result in interesting situatiorvalidity of the latter model and its specific applicability to
especially upon photoexcitation. Large changes in the darktudy!"9"(t) of the transistor structure in this report.

drain-source currerit; or | upon photoexcitation at low-light In conjugated polymers having a nondegenerate ground
levels was recently demonstrated in FETs based on regicstate, charge injection onto the backbone causes a local struc-
regular poly3-octylthiopheng® tural distortion and the formation of self-localized polarons

It was observed that in an organic FET, which is typically or bipolarons with associated electronic states in energy gap
ap channel and activated under an enhancement mode, tltg 2 It is also well known that for such a system the trans-
incident light intensity can act as an added controlport in the bulk is mainly governed by the bipolaron, which
parameter. The electric field distribution in the device pro- is a stable excitation, and near the surface the bipolaron dis-
motes the separation of the photoinduced charge carriesociates into polarons leading to recombinafidhhas been
(PCQO. The more mobile positive charges drift towards theshown, using charge modulation spectroscopy and electroab-
channel whereas the negative charges find their minimursorption, that the electric field induced charge carriers in the
potential in the bulk and get localized in the trap sites. Uponyegioregular pol{3-hexylthiopheng (RRP3HT channel and
switching off the photoexcitation, the photoinduced currentthe majority carriers after the photo-generation process are
1igt(t) relaxes quite slowly with an apparent persistent bedargely polaronic in naturé&
havior and the sample recovers to the dark conditions over a After termination of illumination, the decay ®f9"(t) in
period of several hours. This persisting effect can lead teemiconducting polymers, such as PPV and its derivatives
back-gating problems in polymer FETs. The decay mechais typically subjected to a fit with Kohlrausch's law, and
nism in the present system depends on several aspects likescribed by a relaxation process involving a series of se-
defects in the insulator-semiconductor interface, bulk tramjuential, correlated activation steffdlt is observed that the
densities, diffusion rates of the PCC, avg. We examine decay rate is characterized by large time constants and O
this decay closely as a function of the gate voltayg)( <|y|<1 in systems, especially with long-lived decay
which largely involves the neutralization of the excess nega=0.5 for PPV(Ref. 6].
tive charges in the bulk in the background of the channel The stretched-exponential decay I&8EDL) can also be
current. derived by introducing a power-law dependence of the decay

Slow relaxation of a PCC is known to occur in pgipe-  rate based on a continuous-time random walkhe use of
nylenevinyleng (PPV) and polyalkylthiopheng system$°  the model can lead to an interpretation which demands that
The nonequilibrium conductance following photoexcitationthe physical nature of recombination changes with time,
in these systems was interpreted in terms of a dispersivepanning over large time scales. A forcible fit to this model
diffusion mechanism restricting recombination. The decaywould also then lead to assuming a wide spread in trap en-
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ergies and cross sections. A model based on different spatial 1.0 —55 F——
separations is more appropriate in the present case, which L o Ve=-10V
relies on an identical physical mechanism for recombination S 035 % Vo (V)
for the rapid and slow segments of de¢4¥he slow process = O%%n cueny o -10
of the decay forms a large component of the entire decay in 3 015 Lo
the FET geometry, and makes it necessary to resort to such = -0.5 -20 V?V) 2022 . sl :g
an approach. The model invoked to explain the present re- - ¢ oY oo s @;?gggf?: o
sults, which exhibit an extremely slow decay process, has P o gfgfi 5
been adapted from the modfeio describe the persistent pho- s g;gg g
toconductivity results im-type gallium arsenidén-GaAs :gg‘é;gf@fﬁ
grown on insulating chromium doped GafGr:GaAs with 0 uE°

. 0 -5 -10 -15 -20
hole traps, where the decay is as follows: V. (V)

FIG. 1. Transistor characteristic of the device with- 38 um,
W=2.3 mm, T=150 nm, andd=0.5um. The dashed lines indi-

. L . . . catefits tol y(Vq4s) . Inset:(Right) The schematic diagram of a MIS-
wheree s the charge of the majority carriers having mobility gt in a staggered top-contact geometheft) Transfer character-
#n Within the conducting channel of thickness, Z is the  jstics atV = —10 V.

volume density of trapss, is carrier lifetime of the uniform
bulk material, anda is the Bohr radius of the positive charge arguments arise from a possible presence of an in-built field,
carriers. The equation is derived on the basis of the recomyhich modifies the transistor characteristics, and the charge

1
O'oﬁ(t):()'ini_ ge,u,haZIn(t/To), for t> 70, (1)
p

bination process of the PCC at a rate expressetl as carrier generatioh>*® Upon switching off the light source
q the field redistribution and the recombination cause the cur-
n(x.t) = —[n(x,t)/ 7o]exp — 2x/a), 2) rent decay. The.rate of recombination d_ecreasgs progres-
dt sively, accompanied by a relaxation of the in-built field. On a

longer time scale the decay process is governed by the re-
Sombination of charge carriers separated by larger distances.
The thermal relaxation related mechanisms are neglected in
the present model; hence a low-light intensity and a low
¥emperature were employed in the experiments.

The top-contact geometry was used to fabricate the MIS-
ET devices as shown schematically in right inset of Fig. 1.
Polyvinyl alcohol(PVA) (e~8) was spin coated on top of

w aluminum coated glass substrates as a dielectric layer with a
n(x,t)dxz,uhef n(x,00dx, (3) thickness of~0.5 umJ> After a thermal treatment process
0 hexamethyldisilazane was coated on the dielectric material

wheren(x,0) corresponds to the density of trapped negativé"‘”d cured for an hour to enrich the surface quallty. A layer of
charges at=0. In disordered semiconductors, the less mo-RRP3HT (thickness 150 nm,Ey~1.8 eV) was spin coated
bile PCC is localized and trapped in the bulk maintaining a2t the dielectric followed by a thermal treatment under
distribution after being photoexcitédi.In present system a vacuum at 60°C for 2 h. The drain and source electrodes
rectangular distribution of trapped negative charge carriers i&/re then fabricated by thermally evaporating gold through a
considered to be extended up to a certain length at time ~ S12dow mask to maintain their separation of 4@ and a

t=0, i.e.,n(x,0)=Z in the interval[ 0,1 ] and zero elsewhere. Width of 3 mm. - .
At time t, all carriers having a lifetimé+ r, can be assumed The transistor characteristics of a MISFET device, con-

to have recombined. The effect of recombination can be reSiSting of PVA as an insulating layer and RRP3HT as a semi-

alized clearly by considering a sharp front separating th&°nducting layer, is shown in Fig. 1. In order to analyze the
localized negative charges from the mobile positive charg .haract.erlstlcs, the tradmonal FET model is typically modi-
moving along thex axis. The position of the front relates the ied to mc_:lude ?he .bU|k linear effects Hence the total cur-
time through a spatial distribution=7o(2x/a), which can €Nt in this device is

be obtained from the denominator of H&). The lifetimet
+ 7y corresponds to the position of the front(t)

=(1/2) aIn[1+(t/7)], which can be treated as the lower whCW Vgs
limit of Eq. (3) to find the conductivity. Integration of E¢3) = | Vo= VolVas™ 5~
by substituting the rectangular distribution finally yields Eq.

(1) for t>7,. The concept of spatial distribution of the car- where C is the capacitance per unit area of the dielectric
riers, used in this model, is justifiable specifically for FET medium(i.e.C=¢/d; d is the thickness of the insulator hav-
geometry under photoexcitation. Thé; dependency of ing dielectric constant); W, L, andT are the channel width,
st t) decay can be taken to be a measure of the parametehannel length, and the thickness of the active material re-
governing the spatial distribution. The associated physicaspectively; andN is the charge density in the bulk. The ex-

wheren(x,t) is a trapped negative charge density persistin
after a time intervat from the termination of the disequili-
brating illumination. Thex axis extends toward the bulk and
x=0 corresponds to a discrete channel-bulk boundary. B
solving Eq. (2) for n(x,t) in terms oft and assuming

> 719, which is valid for many practical purposes, the excess
conductivity due to the PCC can be expressed as

©

Tor(1)Xp= Mhefo
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/ 0 t2000 4000
(sec) well separated from each other. The differenc&/jndepen-
o 50 100 (sec;5° 200 250 dence can then be attributed to a more effective screening at

higher density of PCC, which prevails at the early stages.

FIG. 2. (a) The photoinduced current9"(t) in a FET for dif- The build up of photoinduced excess curregi(t) for
ferentVy. The device was exposed with a lager2.3 eV) under  differentV, is shown in Fig. 2b). The value ofl ,(t) exhib-
Vgs=—40V at 100 K. Inset: short pulg20 m9 responsé(t) inac its a logarithmic dependence an time, as fittédshed lines
mode atVys=60 V for differentVy; —60V (O), 0V (A)and 60V in Fig. 2(b). This behavior was reproduced for devices pre-
(V). (b) The build up of photoinduced currety(t) for different  pared using polymers from different batches, indicating the
Vg, along with fits to logarithmic time dependence — —). Inset:  general validity of this buildup over a measurement time
I,(t) for a device from a different batch undef=—80V and ranget <4000 sec as shown in Fig(® (inseb. According to
Vg.= —.20.V at 150 K over a longer time regintevery 500th data  {he model given by Queisset al* the logarithmic depen-
point is displayejl dence ofl,(t) on the cumulative photon dose implies a

spatial separation of PCC at the interface. The interface po-

perimental data are well-fitte@ standard error 0£0.3%9 to  tential between the layer and the bulk causes the separation
Eqg. (4) (dashed linesproviding up~2.6x10 3 cn?/V's at  of the PCC with the negative charge diffusion to the sub-
Vy=—10V andN~10"/cn?. The transfer characteristic of strate to be localized in trap states. The explanation of the
that device at/4s=—10 V is depicted in left inset of Fig. 1. accruing conductance was attributed to the available trap

The device characteristics are altered dramatically upogites. Another particular feature observed in the present sys-
photoexcitation. Large changeslisimilar to the FETs based tem is thatl ,(t) rises faster with increasing negativg .
on RRP3OT(Ref. 5 are observed upon photoexcitation. The This can be primarily attributed to the higher drift/diffusion
response of ""(t), measured across the drain source withrates of the photogenerated positive charge from the bulk to
respect to the photoexcitation, is observed to be dependetiie channel region, where the potential of the positive charge
on Vg, as shown in Fig. @). Figure 2a) depicts the sharp is significantly lowered. The negative charge carriers would
increase in"9"(t) upon exposure to light having an energy also tend to diffuse into the bulk, and the spatial access can
~2.3eV(>Ey) and an intensity of=1 mWi/cn? for a de-  increase with increasingy in the enhancement mode.
vice biased aV4,= —40 V at 100 K. The initial stages of the The study of the decay rates upon switching off the PCC
decay in the submillisecond range can be evaluated from thgeneration source is more informative and revealing, espe-
ac response df(t) to short periodic light pulses, as shown in cially in terms of the relaxation processes prevailing in the
Fig. 2(a) (insed. Two distinct features were observed from system. The decay, as shown in Fig. 3, clearly, reveals the
these experimentsi) The ac peak-peak responsel (if) is at  presence of a persistent current, i.e., the photoinduced effect
least three orders less than the total change of the dc currepérsists for several hours prior to reaching its dark equilib-
obtained from long duration light exposur@.) The ac re- rium value as shown in inséb) of Fig. 3. The indicators for
sponse, which is a signature of fast respofis€0 mseg,  the dark equilibrium conditions are the saturation current and
does not show any discernible dependencevgn The V, mobility values obtained from the transistor characteristics.
dependence of the current decay appears at longer time The current decay,x(t) can be fitted forcefully to Kohl-
scales when the negative and positive charge carriers arausch’s law, yielding a physically unrealistic value of the
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fitting parameter such ay=0.0538. The present model, comes more evident upon examining the derivative of Eq.
however, predicts that,(t) depends on the density of the (5), and further validates the model adapted.

excess charge generated in the device during exposure. The Further insights into the physical aspects of the decay
fitting to this model using Eq1) is satisfactory for the initial model in the case of the present system were obtained by
duration ¢<200 s); at longer durations a small but discern-carrying out a series of experiments, revealing the minimal
able deviation from the model appears. The discrepancyple of the drain/source contacts and the region around them.
arises due to our initial aSSUmption based on the reCtangulwor examp'e, the po'arity of the contact was reversed peri_
distribution of trapped negative charges, which does not POadically to sweep out the light-induced trapped charges
tray a realistic distribution of the spatial negative charge cary,ound the region. This procedure resulted only in marginal

riers in the bulk. A more appropriate and_physicglly explain-changes in the magnitude of the residual current, without any
able distribution can be of the form(x,0)=Q/x within the g nificant changes in the temporal aspect of the decay. Simi-

region O<x=I, and zero elsewhere, whe@is theV, de- |5 oy neriments were also done with light incident selectively

pendent parameter expressing the density of the negativg, yhe source/drain electrode region. The persistent behavior
charges. Upon substitution of this distribution along with the, 4 e general profile of the decay existed even after a con-

same limit as described earlier and assuntirgo, EA.(3)  tinyal flipping of V4. These observations are indicative of

leads to relaxation across the bulk-interface region.
1. _ In conclusion, an illustrative experimental investigation
oif(t)=1ini =l gecln[In(t/70) ], © \ith a suitable theoretical approach is accomplished to inter-
wherel 4 is linearly proportional tou,, a, andQ, govern-  pret the slow relaxation of the photoinduced current in an
ing the decay rate. The experimental points are fitted withorganic FET. We observe 4, dependence of the photocur-
Eq. (5 over the entire duration with a higher resolution rent relaxation in the intermediate stages of the decay in this
(standard error0.3%), as shown in Fig. 8dashed lines  three terminal device. The model, based on the basis disper-
The decay also exhibits a dependenceVgnsupporting the  sive diffusion of charge carriers after being generated, was
distribution introduced in the model. adapted for the present system. The model was modified to
The V4 dependence of the fitting parameters are depictethclude a gradually decreasing function for the spatial distri-
in inset(a) of Fig. 3. The parametds,,; represents the initial bution of the photogenerated trapped negative carriers. The
value of | 4(t) prior to the decay, or the saturated photoin- model yields excellent fits to the experimental results, with a
duced current. This value is higher fuly<<O and decreases reasonable description of the physical attributes in the decay
linearly as the FET is operated in the depletion mode, as onprocess, especially in the intermediate and long time
would expect intuitively. The second paramdtgr.follows a  regimes.
similar trend with respect t&. This dependence clearly K.S.N. acknowledges DRDO Government of India for
indicates that the excess charge density and its decay rapartial support towards the project and S.D. acknowledges
depend onVy. The V, dependence of the decay rate be-CSIR, Government of India for financial support.
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