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structural properties, and electronic transport
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The structural and transport properties of evaporated pentacene organic thin film traf§isteys

are reported, and they show the influence of the deposition conditions with different inorganic
dielectrics. Dielectrics compatible with large area fabrication were explored to facilitate low cost
electronics on glass or flexible plastic substrates. X-ray diffraction and atomic force microscopy
show a clear correlation between the morphology and the structure of the highly polycrystalline
films for all dielectrics investigated. The roughness of the dielectric has a distinct influence on the
morphology and the structural properties, whereas the films on smooth thermal oxide are in general
highly ordered and independent of the deposition conditions. The ordered films exhibit a “thin film”
and a bulk phase, and the bulk phase volume fraction increases with the deposition temperature and
the film thickness. Careful control of the deposition conditions gives virtually identical films on
thermal oxide and silicon nitride dielectrics. The electronic properties of inverted staggered
transistors show that the TFT mobility is correlated with the morphology and structure of the films.
The TFTs exhibit very similar mobilities 0f0.4 cnf/Vs and on/off ratios>10° on thermal oxide

and silicon nitride. The impact of the dielectric on the device parameters of mobility, threshold
voltage, and subthreshold voltage slope is discussed. Temperature dependent measurements of the
mobility were performed to study the influence of traps on electronic transport. Bias stress
experiments were carried out to investigate the stability of the TFTs, and to gain understanding of
the transport mechanisms of thermally evaporated pentacene TFT200® American Institute of
Physics. [DOI: 10.1063/1.1525068

I. INTRODUCTION tals are small. Thin films are more favorable, because they
can be fabricated on various low cost substrates. The hole
Electronics based on organic and polymer materials havgnobility of thin film pentacene is close to the intrinsic trans-
attracted much attention in recent years. The interest can hsort limit of bulk single crystals, and thin film transistors
attributed to emerging demands in novel electronic devicesTFTs) with mobility of =1 cnf/Vs have been fabricated by
like radio frequency tagswireless transponderssmart — several group$®-!' The mobility is therefore comparable
cards, and display medi@ctive and passiveon low cost  with that achieved by amorphous silicon TFTs and hence
and/or flexible substrates. Progress in this field has been sugentacene TFTs might be considered for large area active
tained by improvements of the material propertiéand in  matrix arrays. Promising methods for the fabrication of pen-
the development of processing techniques such agcene for low cost electronics on large areas are organic
printing,*~” stamping, or other high volume parallel process-vapor phase depositiéhand thermal evaporatidhin this
ing technologies. The processing techniques facilitate patarticle we focus on thermally evaporated pentacene.
terning of organic and inorganic materials without using  The thermally evaporated material is polycrystalline and
standard photolithography. Therefore, most of the researchas large grains. The diameters are usually in the range of a
has been driven by an interest in low cost electronics. Up tdew microns®'*3Despite the enormous progress in the re-
now amorphous and polycrystalline silicon have dominatedilization of TFTs with good properties, the transport mecha-
low cost electronics due to low processing temperatures anfism especially of polycrystalline films is not completely
the application of low cost substrates like glass or flexibleunderstood. Furthermore, most of organic TFTs so far have
foil, which facilitates scaling of the process to larger sub-been fabricated on thermal oxide coated crystalline wafers.
strates. Thermal oxide on silicon wafers is a favorable substrate for
Pentacene (£H;4) has demonstrated the highest holethe growth of pentacene, but for the applications intended
and electron mobility of organic small molecules. The mateilicon substrates are too small and expensive.
rial exhibits a strong tendency to form highly ordered films  One of the requisites for the realization of low cost elec-
which depend on the growth conditions and the substrateronics is low cost substrates, for example, kapfpolyim-
Bulk single crystals are not favorable for low cost electron-ide), polyethyleneterephtalate (PET), polyethersulfone
ics, because the fabrication is time consuming and the crySPES, or glass. To our knowledge, only a few research
group$~! have demonstrated pentacene TFTs on large area
Now at IMEC, 3001 Leuven, Belgium; electronic mail: knipp@imec.be COMpatible dielectrics with high mobility. Attractive large
P Corresponding author; electronic mail: street@parc.com area compatible inorganic dielectrics are sputteregO4)
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FIG. 1. Schematic of inverted staggered TFT test structure on highly doped
c-Si wafer or glass substrate with a gate electrode. The gate dielectric was
formed by thermal oxide, PECVD silicon nitride, or silicon oxide. The drain
and source contacts were realized by evaporated gold.

sputtered silicon oxide or plasma-enhanced chemical vapor
depositedPECVD) silicon nitride, and silicon oxide. In this
article we focus on a comparison of PECVD silicon oxide
and silicon nitride dielectrics, because they are compatible
with existing display technology.

Section Il of the article contains a brief description of the
film and device preparation. Section Il discusses the mateFIG. 2. Atomic force r_nicrosc_opy'image_s of thermally evgporated pentacene
il properties of pentacene fims deposited under difierenfT® 7% 10,7, nesnc fseetess bera Sl e
conditions on various dielectrics. Section IV describes thejicon nitride.
device performance of TFTs on different dielectrics taking
the morphology and the structural properties of the material
into account. The morphology of the material is correlatedmaterial for the depositions. The drain and source contacts
with the mobility of the organic thin film transistors in Sec. were formed after thermal evaporation of pentacene using a
IVA. In Sec. IV B the electronic transport of the pentaceneshadow mask to form 100 nm thick gold drain and source
TFTs is discussed with a comparison of TFTs on thermatontacts. The top contact structure is simple and helps ensure
oxide as the standard or reference dielectric, and TFTs othat the TFT measurements reflect the differences in the di-
PECVD silicon nitride, which is a very promising dielectric electrics rather than possible contact effects. Test structures
for large area organic electronics. The temperature dependewith TFT lengths of 30—-15Qum were fabricated, and the
mobility of the TFTs is compared for different dielectrics in TFT width is in the range of 0.1-5 mm.

Sec. IV C. The stability and the influence of bias stress on the
behavior of the TFTs are discussed in Sec. IVD. Ill. MATERIAL CHARACTERIZATION

The surface morphology of the pentacene films on dif-
ferent dielectrics was studied with atomic force microscopy
Bottom gate, inverted staggered transistor configuration$AFM) and x-ray diffraction(XRD). All pentacene films de-
were selected to evaluate different material compositions oposited on thermal oxide exhibit high structural order. The
silicon wafer and glass substrates, and are illustrated in Fignorphology of a pentacene film on thermal oxide prepared at
1. The highly doped wafer, upon which a 100 nm dielectricelevated temperature is shown in Fig. 2a. The 50-70 nm

was grown, formed the gate electrodes for TFTs on silicorthick film exhibits a dendritic structure, in which the size of
substrates. Samples on glass substrates had a metal gate etbe- dendrites ranges from 3 to @m. The corresponding
trode(Cr) with thickness of typically 100 nm. The roughness x-ray diffraction pattern in Fig. 3 contains a series of K00
of the glass substratéorning 1737 is similar to that of a lines, indicating a highly textured material. The film consists
crystalline silicon wafer. The gate dielectrics were PECVDmainly of one phase with a first order diffraction peak at
silicon oxide or silicon nitride. To improve the device per- 5.73° that corresponds to a lattice spacing of 15.5 A. In the
formance of polycrystalline pentacene TFTs the dielectriditerature this is called the “thin film phase” and its structure
can be treated by a self-assembled monolégé&M), which  has not been fully determined. The lattice spacing corre-
changes the surface wetting properties of the dielectric. Ocsponds to a tilt of the molecules of 17.1° to the surface nor-
tadecyltrichlorosilanéOTS) is a promising SAM which has mal, assuming a triclinic single crystal structdté? The
already been widely studiétMonolayers of OTS on thermal x-ray measurements exhibit a secondK08pacing from a
oxide and PECVD silicon oxide were formed by dip coatingsecond phase of the material, which is the crystal bulk phase
the substrate into a solution of OTS diluted with toluene orof the material. The measured x-ray diffraction angle of
hexadecane. 6.10° corresponds to a layer-by-layer spacing of 14.5 A and
The pentacene films were deposited using a therma tilting of the molecules to the surface normal of 25.7°.
evaporation system, keeping the temperature of the sourc@ingle crystalline pentacene exhibits a tilt of tbeaxis of
between 285 and 325 °C. Films were prepared between roothe molecule of 25.2°, which is within experimental
temperature(RT) and 110°C substrate temperature usinguncertainty:**°
deposition rates in the range of 0.5-3.5 A/s. We used 97% The morphology and the structural properties of penta-
pure pentacen@Aldrich) and two times sublimation purified cene films were studied as the substrate temperature, deposi-

Il. DEVICE PREPARATION
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FIG. 3. X-ray diffraction pattern of thermally deposited pentacene film on a
100 nm thick thermal oxide film. The thickness of the pentacene film is

approximately 70 nm. The deposition rate was kept congtabtA/s). average crystal size [um]

FIG. 5. Ratio of x-ray diffraction peaks (0p1001') of thermally evapo-

rated pentacene films on thermal oxida. Influence of the deposition rate;
tion rate, and layer thickness were varied. Figure 4 shows th) influence of the layer thickness.
ratio of the two diffraction peaks at 5.73thin film phase
and 6.10°(bulk phasg as a function of the crystal size of The influence of the deposition rate and the thickness of
pentacene films on thermal oxide. The substrate temperatugge film on the crystal size and the x-ray diffraction of the
was increased from room temperature to 90 °C and the dep@ims are shown in Fig. 5. The size of the dendrites is en-
sition rate was 3.5 A/s. Enhanced substrate temperatures lefgnced as the deposition rate decreases, but the ratio of the
to an increase of the crystal size frorl50 nm to~5 um.  diffraction peaks of the films remains nearly unchanged. This
The ratio of the diffraction peaks changes as a function of th@ehavior occurs for deposition rates ranging from 0.5 to 3.5
substrate temperature from0.03 to>1. A further increase A/s and for film thickness up to 250 nm. However, an in-
of the substrate temperatu® >90 °C) leads to no growth crease of the film thickness does not affect the size of the
of pentacene on the substrate. The increase of the crystal sigendrites. Therefore the initial nucleation sites determine the
and the shift of the diffraction peaks from the thin film phasemorphology of the final layer and only the roughness of the
towards the bulk phase were also observed for other depospentacene films increases with an increase in film thickness.
tion rates and substrates. At reduced deposition rates, thEhe x-ray diffraction of the film however shifts from the thin
transition from the growth to the nongrowth region shifts film phase towards the bulk phase of the material with an
toward lower substrate temperature. Furthermore, large crysncrease in thickness. The results indicate that a thin film
tals can already be grown at lower substrate temperaturefayer of pentacene is grown at the interface of the dielectric
The change of the ratio of the XRD intensities in Fig. 4 and the channel. With an increase in thickness the structure
reveals that an increase of the substrate temperature resultsgn the film changes towards the bulk phase. However, the
a change of the volume fraction of the two-phase systemAFM measurements indicate that the morphology of very
Therefore, the structure of the two-phase systémn film  thin layers of pentacene is not characterized by a dendrite-
phase and bulk phapehifts towards the bulk phase for |ike structure. Instead, a very thin layer grows as a continu-
higher temperatures. However, the thin film and the bulkous film, which changes to dendrite-like growth at a layer
phase are both crystalline and highly ordered. thickness of 5-15 nm. This is of particular interest because
current transport of the TFT largely occurs in a thin layer at
the interface.

When the thermal oxide is treated with an OTS mono-
layer, the crystals exhibit a reduced size of 1ufh. An
AFM image of a pentacene film grown on an OTS treated
substrate is shown in Fig.(2. The monolayer changes the
surface properties of the thermal oxide to a more hydropho-
bic surface, as shown by the surface-wetting angle of 95°.
The growth of pentacene on OTS is characterized by island
formation but no dendrite-like crystal formation is observed.
The x-ray diffraction pattern of pentacene films on OTS ex-
hibits maxima at 5.74° and 6.11°, so the position of the dif-
fraction maxima is unchanged. However, the XRD measure-

Average crystal size [um] ments indicate a change of the structural properties of the
FIG. 4. Ratio of x-ray diffraction peaks (0p1001') of thermally evapo- pentacene films du.e to OTS treatment. The CryStaI.Ime bl.Jlk
rated pentacene films on thermal oxide. The thickness of the film is 200 niP€ak at 6.11° was increased for the OTS treated dielectrics,
and the substrate temperature was varied from room temperature to 90 °@vhereas the intensity was reduced for the thin film phase.
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Therefore the growth process of pentacene is affected by the 100

wetting properties of the dielectric. AFM images of very thin - (1(20220

layers of pentacene on OTS treated substrates confirm these @, 80 '

resultst® In the case of OTS treated substrates the pentacene =2

molecules prefer to grow more vertically rather than laterally g 60

like what is observed for hydrophilic substrates. E

Figure 2c) shows an atomic force image of a pentacene 5 40 550%,;)

film grown on a 100 mn thick PECVD silicon nitride dielec- § 2 ' (002) (1070?30 )

tric. The pentacene deposition rate was 0.5 A/s and the sub- £ ° 001) I 1220 o),
6.10 2292

strate temperature was kept constant at 70 °C during deposi- a 0 JL i N

tion. Small crystals 100—200 nm in diameter characterize the 5 10 15 20 25 30

morphology of the film. Changing the pentacene deposition 2.@-scan

conditions (substrate temperature and the deposition) rate I . ,

. .. FIG. 6. X-ray diffraction pattern of thermal deposited pentacene film on a
leads to only minor changes of the morphology of the fIIm'lOO nm thick amorphous silicon nitride film. The thickness of the pentacene
The results for these early PECVD silicon nitride dielectricsfilm is approximately 70 nm. The deposition rate was kept consi@uat
are evidently completely different from the results observed¥s).
for thermal oxide[Fig. 2(@)]. The material is disordered
without preferential orientation, since no x-ray diffraction
pattern could be measured. AFM measurements of the silicofion intensities for different films and substrates, but it is
nitride dielectric itself showed that the dielectric has a peak®&Vident that very similar pentacene can be grown on the two
to-valley roughness of 5.5 nfiand root mean square rough- dielectrics. . 3
ness(rms) of 0.8 nni on single crystalline wafers and an ~_ The morphology of pentacene films on PECVD silicon
even more pronounced roughness of 9.5(ms of 1.4 nm oxide is charactgrlzeq by the formation of relatively small
on glass substrates. As might be expected, the roughne§§/Stals with typical diameters of 1—2m. As growth pro-
increased with the thickness of the dielectric. For compari£€€ds, a transition is observed from the growth of individual
son, the peak-to-vallegrms) roughness of our thermal oxide Crystals towards the formation of a continuous film.
is 0.5 nm(0.15 nm. However, using the PECVD silicon In summary, material with similar morphology can be
nitride dielectric for amorphous silicon and polysilicon TFTs 9rown at different preparation conditions. At lower substrate
provides mobility of ~1 cnf/Vs (Ref. 17 and >100 temperatures70°C) a low deposition ratd0.5 A/g is re-
cm?/Vs 18 quired to grow material with large crystale=5 um),

To improve the growth of pentacene on the large aredvnereas for higher substrate temperatu@s°C) the depo-

and/or low cost compatible substrate, we modified the fapriSition rate can be increased so large two-dimensional crystals

cation process of the PECVD silicon nitride layer so that theWi” form. These observations indicate increased surface mo-

surface of the dielectric becomes smooffieln Fig. 2(d) bility of the material at higher temperature, which results in
shown is an AFM image of a pentacene film which ’Wasfaster formation of crystals. Again, the thin film and crystal-
grown on a PECVD silicon nitride film with a 2.7—-3.0 nm line phase are both polycrystalline and highly ordered. The
peak to valley roughness and 0.35 nm rms roughness Tr%ructural properties of thin pentacene films are dominated

smoother dielectric evidently results in greatly improvedby the thin film phase of the film. The change of the ratio of

pentacene growth. We obtained the typical dendrite—likethe XRD intensities in Figs. 4 and 5 revegls that an increase
f the substrate temperature and film thickness results in a

shape of pentacene prepared at elevated temperature. The

same deposition conditions were used to grow the pentacer‘l: ange Of the volume fraction of the tlwo.—ph'ase material. The
films in Figs. 28) and 2d), and the film thickness was composition of the two-phase materi@hin film phase and

50-70 nm in both cases. Virtually no difference in morphol-bUIk _crystalline phaseshifts towards the crystalline phase

ogy could be observed for the film on thermal oxideg. for higher temperatures. .

2(a)] and on PECVD silicon nitridéFig. 2(d)]. The substrate properties aIS(_) strongly affect _the mor-
The morphology results are confirmed by measurementghc’lOgy and the structural properties of pentacene films. This

of the structure. The x-ray diffraction pattern of pentacene oﬁnCIUd_eS not only th? physmaﬂ.roughnes)s. but &.IISO the
smooth silicon nitride is shown in Fig. 6. A comparison of chemical(surface wettingproperties of the dielectric. There-

the diffraction patterns in Figs. 3 and 6 indicates that bot ore, the morphplogy and the s_tructural prop_erties of the
films are highly ordered. Both films exhibit typical x-ray ilms are determined by the physical and chemical properties

peaks at 5.74°, corresponding to the thin film phase, and gf the dielectric. The properties of very thin films are domi-.
distinctly smaller peak at 6.10°, corresponding to the crystal—nated even more by the_ substrate and the surface properties
line bulk phase of the material. A comparison of the third anaand less by the deposition parameters.

the fourth order diffraction peaks indicates higher diffraction

intensities for the pentacene film on the thermal oxide. At)\y. DEVICE CHARACTERIZATION

this point it is not clear whether the reduced peaks for theA Influence of the dielectric on the mobilit
film on PECVD silicon nitride are due to the reduced long-""~ y

range order of the film or due to uncertainties in the XRD  The mobility of pentacene TFTs on different inorganic
measurement. Further work is required to quantify diffrac-dielectrics is given in Fig. 7, and is correlated with the pen-
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FIG. 7. Mobility of thermally evaporated pentacene thin film transistors onnitride (100 nm for Vp=—1 and—30 V. The pentacene film with thickness
different inorganic dielectrics(thermal oxide with and without OTS, Of approximately 70 nm was prepared at 70 °C substrate temperature at a
PECVD silicon oxide with and without OTS, and PECVD silicon nithide ~ deposition rate of 0.5 A/s.

a function of the crystal size. The crystal size was determined by AFM

measurements.

cussed in Sec. lll. Pentacene films on rougher silicon nitride
have reduced mobility by a factor of~100, down to
107°~10"2 cn?/Vs.

For pentacene TFTs on PECVD silicon oxide, the mo-
lity and the crystal size are reduced+®.07 cn?/Vs and

tacene crystal grain size. As a standard and reference diele
tric we used silicon thermal oxide, because it is well known .
that oxidized silicon wafers are favorable substrates for tht,pI

growth of pentacene. Many samples were measured and thNe1 pm, respectivelysee Fig. J. The use of OTS doubles

boxes in Fig. 7 indicate the range of values obtained for théhe mob|I|_ty FO ~0.18 cn?/V_s. AFM measurements of the_
different dielectrics. The pentacene TFTs on thermal oxideSUbStr":lte indicate that t_he dielectrics are too rough o p_rowde
deposited at 70 °C exhibit mobilities of the order of 0.2—0.6gmwth of larger dendrites. Nevertheless, the application of

cn?Vs and the size of the dendrites ranges from 2 joné OTS leads to an improvement of the mobility by a factor of

The mobility was extracted from fits to the saturation regime.2_3' which is similar to the improvements on thermal oxide

The mobility in the linear region is typically 0%—20% lower f#bs”""ltesz dT?e.tﬁ”/OZ ra‘{'r‘]’ Otf éhTe th'r(‘j f"meg‘jgtoff on
than the saturation mobility. The corresponding AFM image erm.atl .gx' e Vsiloin \r/]w ou th 3 a/n ﬁont. f TFTSI -
is shown in Fig. 2a) and the XRD pattern in Fig. 3. The con nitride wa » wnereas the on/oil rafio o s on

on/off ratio of the TFTs is more than eight orders of magni-P%CV[()j ?(I)I;Cf& 0:;?5}""1;2_? nﬂ V(\j”thoglt OTﬁ$ was St“g_ht%
tude. There is a small positive onset voltage of the drair] ©9Uce ) € S nad simiiar oft currents In the

current and a negative threshold voltage. A more detaile{@"9€ of 1__10 fAfLm e_ll_r;]d thfese I%W valuestare f“m'tetd by_
description of the TFT performance on thermal oxide isf[)ur me:;stl;]rmg Setup. ¢ efre;hore_l,_FTe geotr_ni rydot € rarlrs]ls-
given elsewher&? ors and the on current of the s partially determine the

When the thermal oxide is treated with an OTS mono—on/Off ratio.

layer, the mobility increases te-1.0 cnf/Vs although the In %e?r? ral,tthet strlong cor;glatllon bf(latwtetzn_ thg m_orphol-
crystal size was significantly reduced to 1421, and the ogy and he structural properties 1S refiected in device per-

pentacene films on OTS barely exhibit dendrites. Transistorgqrmance' The TFTs on thermal oxide and PECVD S'“(.:O”
nitride exhibit the same morphology, structural properties,

using OTS treatments exhibit a larger variation in mobility d ¢ i bilitv. D ina th tal i

from run to run(0.5—1.4 criVs) using the same preparation an tr)oom z”f]pe;‘; urﬁEng:?/IDII yI ecrea_lémg de crysﬂz]i size,

conditions, and this may be due to differences in monolayeE_s_ observed for the _stiicon oxide, reduces the mo-
ility. In this case the reduction in crystal size seems to be

formation. In general, all the TFTs exhibit variation in the ~ : . X
device parameters from run to run even when using the sanﬁtt”bmable to the |ncrea§ed roughness of the dielectric.
preparation conditions. The mobility and the on/off ratio of owever, thg sgr.face wetting properties add another param-
TFTs made on untreated dielectrics can be relatively wel ter, Wh'fCh significantly changels the growth prop(elss gnd the
reproduced, whereas the threshold behavior of the devices 'SFT per ormance..Conse'quent Y: O.TS treated dielectrics ex-
affected more by variations. ibit two to three times higher mobility.
The TFT results for the smooth PECVD silicon nitride
are similar to those of the untreated thermal oxide device
(see Fig. 7, and a typical TFT transfer characteristic is
shown in Fig. 8. The mobility of the smooth PECVD silicon A typical transfer curve of a TFT on smooth PECVD
nitride TFTs varies between 0.2 and 0.55%s, and the silicon nitride is plotted in Fig. 8. The thickness of the di-
crystal size range is 3—z&m. The transfer characteristics electric is 100 nm and the thickness of the polycrystalline
tend to be shifted toward more negative voltage, probablyilm is 70 nm. The surface analysis of the pentacene films by
reflecting different charging of silicon nitride. The similarity AFM showed large dendrites with diameters up tar. The
in TFT properties mirrors the close similarity in morphology transistor in Fig. 8 exhibits mobility of 0.43 &iVs using a
and structure of the pentacene on the two dielectrics, as digransistor length of 10@um and aw/L of 10, and the on/off

. Comparison of pentacene TFTs on thermal oxide
and PECVD silicon nitride
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ratio of the TFT is>10%. The leakage current is only slightly
increased for higher positive voltages, so the on/off ratio
remains higher than eight orders of magnitude over a Wid%IG. 10. Measured saturation mobility of pentacene TFTs prepared on ther-
range. mal oxide(70 °C) and PECVD silicon nitridg¢RT and 70 °G.

The subthreshold slope, which describes turn on of the
TFTs, is another measure of device quality, and is defined by

Inverse temperature [1/1000-K]}

Ng potential barriers are not sufficient to describe the &hta.
S= a(logly) " @) With a decrease in crystal size the TFTs are less stable to

atmospheré? which can be explained by the penetration of

The subthreshold slope derived from the transfer characte[)—xygen_ In order to understand the influence of oxygen and
istics of the TFTs is shown in Fig. 9. There is @ minimum y,a agre of defects further studies are necessary.
slope of 0.4 V/decade for the silicon nitride and a slope of

0.75 V/decade for the thermal oxide. In both cases the thick-
ness of the dielectric is 100 nm, but the difference in threshb T wre d dent mobilit
old slope approximately reflects the different dielectric con-~" emperature dependent mobility
stant of thermal oxide and silicon nitride. We calculate a  Further information about trap states near the valence
capacitance of 66 nF/cmfor the silicon nitride and 34 band edge can be obtained by temperature dependent mea-
nF/cn? for the thermal oxide. Therefore, the subthresholdsurements of the TFT parameters. The temperature depen-
slope in charge/decade measured is equal for thermal oxident mobility of TFTs on thermal oxide and PECVD silicon
and silicon nitride devices. The results demonstrate that theitride is shown in Fig. 10. All three TFTs were exposed to
slope of the thermal oxide is only slightly better than that ofair for a few weeks before performing the measurement and
the PECVD material. It is known that the defect density ofno specific precautions were taken to prevent the penetration
our silicon nitride is 4< 10" cm~2,1° and therefore is more of oxygen into the film. For the two films on thermal oxide
than five orders of magnitude higher than the defect densitand PECVD silicon nitride prepared at 70 °C we measured
of thermal oxide. However, the subthreshold slope is apparthe mobilities at room temperature between 0.3 and 0.4
ently dominated by the material properties of the pentacenen?/Vs. The saturation mobility for both these TFTs de-
itself and less determined by defect states of the dielectricreases with the temperature, and follows a very similar de-
suggesting that trapping principally occurs in the organic mapendence. The TFT deposited at room temperature on silicon
terial rather than in the dielectric. nitride has a stronger temperature dependence of its mobility.
The results for thermal oxide and PECVD silicon nitride The decrease in mobility is an indication of trap states
are similar but the electronic transport of these polycrystalnear the band edge and shows that the Fermi energy does not
line films and the role of traps are not completely under-reach mobile states. In contrast, in single crystal pentacene
stood. In particular the influence of the grain boundaries angrown with extremely low levels of impurity, the mobility
the nature of defects at the grain boundaries are still undeéncreased at low temperature and electronic transport was
discussiorf®?! The experimental evidence clearly indicateslimited by phonon scattering rather than by trapping. For the
that traps limit electronic transpdit,and may be controlled polycrystalline films, we assume a distributioN;(E), of
by external influence® Our experimental results for ther- traps above the mobile valence band states. The effective
mally evaporated pentacene films suggests that acceptor antbbility is the mobility of free carriers reduced by the frac-
donor states are required to describe electronic transport arithn of holes that are trapped,
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Heff _ Nv ~ 1 2) 10
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: & 108
where Ny is the effective density of states at the energy, £
Ey, of the valence band edge, akg is the Fermi energy. 2 10
Nty is the number of trapped holes, determined by the dis- s
tribution N+(E) and the Fermi energy. aQ 10"
A fit of the experimental data to Eq®2gives an activa- 1014
tion energy of the hole concentration of 40 meV for the -40 -30 -20 -10 0 10 20 30
thermal oxide and 42 meV for the PECVD silicon nitride, Gate voltage [V]

and this is a measure of the trap distribution. It is therefore _ y
apparent that both fims must have simiar trap distributon 2. 1, (esster 119 s o 2 penicene 1T e o tor
The activation energy is in good agreement with experimenig 30 and 90 min gate bias stressvof=10 V.

tal data from space—charge limited current measurements

based on pentacene filiffs.

The third curve in Fig. 9 corresponds to a pentacene film  Our stress measurements are made under ambient condi-
prepared at room temperature on top of a PECVD silicortions and the measuring cycle of the transfer characteristics
nitride dielectric. In this case the room temperature mobilitytakes 350 s using voltage steps of 1 V and a delay between
is slightly below 0.3 crffVs, similar to the other two films. measuring points of 5 s. The transfer curves of a TFT on
X-ray diffraction measurements confirmed that all three filmssmooth PECVD silicon nitride are plotted in Fig. 11 after
are highly ordered and primarily in the thin film phase. How- various periods of positive gate bias stress. During an inter-
ever, the morphology of the films is different, in that penta-val in the stress and the measurement sequence the drain
cene crystals prepared at room temperature are distinctiyoltage is fixed alVp=—20V. The arrow in Fig. 11 indi-
smaller than crystals grown at elevated temperature on thegates the increase of stress time fronfjudstressedto 10,
mal oxide and PECVD silicon nitride. The mobility of the 30, and 90 min, respectively, and these cause a shift in
film prepared at room temperature exhibits stronger temperghreshold voltage of about 8 V. The mobility, the on/off ratio,
ture dependence, with a Fermi level of 110 meV fr&mp, and the subthreshold slope are minimally affected by gate
indicative of a broader distribution of traps. The different bias stress. Figure 12 plots the shift of the threshold voltage
morphology of the film possibly allows greater penetrationfor different drain voltages and stress times, and includes
of oxygen and leads to the creation of more defects in comeata for negative gate bias stress. Positive bias stress moves
parison to in films with large crystals. the threshold voltage towards positive voltages, whereas for

The experimental data are in good agreement with nunegative gate stress the threshold voltage shifts towards
merical calculated data of polycrystalline pentacene TFTs reregative threshold voltages.
cently published by Vikel et al?’ The calculations were The threshold voltage increases over time but with a
based on an exponential distribution of defects states in theonlinear dependence, and the shift increases with stress
band gap. To describe tHéV characteristic of the TFTs at bias. There is a more pronounced shifMaffor positive gate
room temperature a narrow distribution of donors very closevoltages, but the form of the data for negative bias is other-
to the valence band and a broad distribution of acceptorwise rather similar. With high positive bias stres¥g(
have to be considered. A more detailed description of the=30 V), the subthreshold slope is also affected, and changes
model and the influence of the defects on device perforfrom 0.5 to more than 1 V/decade, while the mobility and the
mance will be given in Ref. 28. A comparison between ex-on/off ratio remain unchanged. The stress measurements
periment and simulation reveals that oxygen leads to the gen-
eration of acceptor-like states deeper in the gap band.

15
30v
=
D. Influence of bias stress on device behavior £ 10 10V
[Z]
The threshold voltage, and in particular its shift with g 5
prolonged application of gate bias stress, is an important pa- %
rameter for the characterization of thin film transistors. It is _;
well know that bias stress shifts the threshold voltage in both 2 0
organic and inorganic TFTS:?°31 The shift in threshold § =1
voltage for amorphous and polycrystalline silicon TFTs has E . v
been extensively investigatéd® Its effect can arise from 0 2500 5000 7500 10000
slow trapping in the dielectric and/or surface states at the time [s]

micon i ici i )

.Se co du.Ctor/dleleCt”C interface, or the creation of def.eCt G. 12. Measured shift of the threshold voltage of a pentacene TFT depos-
in the Sem|CondUCt0_r- So fa_lr few papers have been publishgg on amorphous silicon nitridel00 nm) under different gate bias stress
that address these issues in pentacént. conditions. The TFT was stressed for 0, 10, 30, and 90 min.
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20 semiconductofbulk or interfacg, or a reversible structural
o V=10V change in the semiconductor that creates new traps. The ob-
10 v Ve=-10V servation of very similar shifts for both the nitride and oxide
dielectrics suggests that charge trapping in the dielectric is
not the origin of the effect. The long recovery time and the
fact that neither the measurement cycle nor brief illumination
gives any observable change in the threshold voltage sug-
) gests that trapping in existing states is also unable to explain
162 10° 10° 1i° the shift of threshold voltage.
time [s] Hence, the results suggest that the shift of threshold volt-
age may be due to a reversible structural change in the pen-
°facene film, which is induced by the accumulation of either
holes or electrons and which creates deep localized states
near the interface. The magnitude of the shift requires a state
were repeated at reduced drain voltages, and we observecfgnsity of more than @/cn?, and the defects need to be
weaker shift of the threshold voltage at lower bias voltagesacceptor like for positive bias stress and donor-like for nega-
Equivalent measurements of pentacene TFTs on therméiVe bias stress. The bias measurements therefore underscore
oxide were made and we find similar bias stress behaviothat donor- and acceptor-like states are needed to describe
Specifically, for TFTs on thermal oxide, a gate bias stress othe behavior of polycrystalline pentacene TFTs. Further stud-
V=10 and 30 V(off state leads to a shift of the threshold ies are needed to confirm that structural changes in the pen-
voltage ofAV;=8.5 and 14.5 V, respectively, very similar to tacene are indeed the origin of the shift of threshold voltage
the observations in Fig. 11. Stressing the TFT in the on stat@nd to identify the defects.
leads to a reduced shift towards negative voltages.
The change in threshold voltage of other TFTs is de-
scribed by the following empirical equatiéh: V. CONCLUSIONS

Threshold voltage shift [V]

FIG. 13. Measured recovery of the threshold voltage of a pentacene TFT
thermal oxide. The TFT was stressedvai= —10 and 10 V for 90 min.

En The structural and transport properties of polycrystalline
AVToc|VG|Bt7exp<—ﬁ), (3) pentacene on different dielectrics have been investigated.
The films were thermally deposited on thermal oxieléth
whereV andt correspond to the gate voltage and the stresand without OT$, PECVD silicon nitride, and silicon oxide
time, andB and y are stretching factors. The third term in (with and without OT$. The material consists of two phases,
Eq. 3 describes the temperature dependence, but since aarthin film and a bulk crystalline phase. The composition
measurements are made at room temperature, this term is rtends towards the crystalline phase and the formation of
investigated. The pentacene shifts in threshold voltage ararger crystals at higher deposition temperature. The struc-
described quite well by Eq. 3, and the fits are shown in Figtural properties of the films are closely correlated with the
12. With positive gate voltages the stretching factors @re morphology for each dielectric investigated. The growth of
=0.35 andy=0.22, and in the case of negative bias stresspentacene on silicon nitride is largely determined by the
the stretching factors ar@=0.75 and y=0.06. The in- roughness of the underlying film. By preparing smooth sili-
creases of threshold voltage in Fig. 12 can be described bgon nitride films we have improved the structural properties
the change of gate voltage frows =10 to 30 V. of the pentacene film so that it is equivalent to films depos-
The recovery kinetics after stressing a TFT was alsdted on thermal oxide. The surface chemistry also has a
studied. The recovery of the threshold voltage of a TFT orstrong influence on the growth of the material and electronic
thermal oxide is plotted in Fig. 12, and similar data are ob-properties. Changing surface wetting more towards a hydro-
tained for the silicon nitride dielectric. After stressing the phobic surface by using OTS leads to the growth of smaller
sample atVg==30V for 90 min, the gate and the drain crystals but the mobility is improved by a factor of 2—3 for
voltages are switched off and left floating for different peri- thermal oxide and PECVD silicon oxide.
ods of time up to 18 h. The transfer curves of the TFT were  PECVD silicon nitride appears to be a good candidate
measured periodically to obtain the threshold voltage, andor large area compatible and inorganic dielectrics, because
the results are shown in Fig. 13 for positive and negative biathe fabrication process is an already established and well-
stress. The recovery follows a power law time dependenck&nown process. TFTs on thermal oxide and PECVD silicon
and takes a few days at room temperature to completely renitride exhibit mobilities of around 0.4 cifvs and on/off
cover the original conditions. The gate and the drain wereatios of more than eight orders of magnitude. The morphol-
grounded during the recovery experiment. ogy and the structural properties of pentacene films on ther-
The shift in threshold voltage under bias stress, and itsnal oxide and PECVD silicon nitride are very similar. Even
recovery, are very similar for thermal oxide and PECVDthe trap distribution determined for TFTs on the different
silicon nitride dielectrics. These results suggest that the perdielectrics is similar. Investigations of the subthreshold slope
tacene material, rather than the dielectric, determines thalso revealed that the material itself determines transport and
TFT properties. In general, the shift of bias stress thresholthat trapping in the dielectric is only a minor effect. Investi-
voltage may be due to charge trapping in the dielectric, trapgations of TFTs under stress conditions exhibit a distinct
ping and slow release of carriers in existing deep states in thghift of threshold voltage under gate bias stress, with similar
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