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ABSTRACT

P-type and N-type multi-gate vertical thin film rnastors (vertical TFTs) have been
fabricated, adopting the low-temperature {T600°C) polycrystalline silicon (polysilicon)
technology. Stacked heavily-doped polysilicon sewand drain are electrically isolated by an
insulating barrier. Multi-teeth configuration is foheed by reactive ion etching leading to
sidewalls formation on which undoped polysilicontiae layer is deposited. All the
polysilicon layers are deposited from low pressahemical vapor deposition (LPCVD)
technique. Vertical TFTs are designed with multiegain order to have a higher equivalent
channel width. Different active layer thicknessesédbeen attempted, and lar/lorr ratio
slightly higher than 10is obtained. P-type and N-type vertical TFTs haltewn symmetric
electrical characteristics. Different geometricadrgmeters have been chosdggr Is
proportional to the single channel width, and te thoth numben.oy is only proportional to

the tooth number. These devices open the way dfl@&-like technology.
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1. INTRODUCTION

Polycrystalline silicon thin film transistor (pollison TFT) has shown its interest in
various applications, such as the solar cells fdjdom access memories (RAMs) [2], flat
panels for imaging [3], and especially in the dagptiomains as AMLCD [4] or AMOLED [5].
For these applications, a higher integration dgnartd thus a higher current density are
looked for. Thus, the primary motivation of this nkas this target that could be obtained by
adopting a short channel length for the transistohe vertical thin film transistor (vertical
TFT) enables fabricating transistors with ultrasslahannel length that is determined by the
deposited film thickness instead of the lithograplmmitation as in its planar counterpart.
Indeed, this limitation is rather high due to lagea process and, a better control of the
channel length seems a very exciting issue. Musbareh has been carried out on polysilicon
VTFTs.

The James D. Flammer's group has fabricated pilysilVTFTs adopting Arsenic
implanted source and drain, which degrades afteeamg [6]. The Tan Fulei's group has
used a bottom gate vertical TFT structure with lka&ned offset [7], and excimer laser
annealing methods [8] to crystallize the activeelayHowever, this self-aligned offset
structure requires high temperature, and the highh @hd homogeneity are the technological
drawbacks of the laser crystallization. In our wotke VTFTs are fabricated with
low-temperature polysilicon technology, which ismguatible with glass substrates, while a

homogeneous crystallization as well asiasitu doping can be obtained. In previous work



[9], polysilicon VTFTs were fabricated with an unpal polysilicon active layer between two
heavily-doped polysilicon layers (source and draldpwever, the large overlapping area
between source and drain has led to a strong oféct bee [9]. In this paper, a novel
polysilicon VTFT structure has been proposed, wieidminates the large overlapping area by
the introduction of an insulating barrier betweeyurse and drain. In addition, different
geometrical parameters have been chosen, i.eerdiff tooth widths, Wt (1@m and 2Qum),
different numbers of teeth, Nt (1, 2 and 4), anecent single channel widths, Wc (fufn,
20um and 3Qum). The key point of the fabrication process liasthe formation of the
continuous sidewalls due to the difference of ttoliag selectivity between the polysilicon
and the insulating barrier. In this paper, the itelafabrication process is introduced and
electrical characterizations of the devices aresgmted, analyzed and discussed, more

especially, the comparison between electrical behsawof the P-type and N-type VTFTSs.

2. DEVICE STRUCTURE AND DESIGN

For the polysilicon VTFTs, the schematic three-disienal (3D) view is shown in figure
1 (a). The 3D structure enables several gatesiposd in parallel, with the gate electrode
passing over all the teeth. Source and drain aserithinated by a partial etching until
reaching the bottom heavily-doped polysilicon layBne RIE endpoint control is obtained
from a laser interferometer measurement. Fig. Bliows clearly the cross-sectional view of
a basic tooth structure including two channels.r&@and drain contacts are located in front
and behind the cross-sectional plan, and they lactrieally isolated by an insulator barrier.
Active layer is deposited after the formation of tlooth sidewalls, the distance between the

two sidewalls being as small as the design rulénel@ by lithography, allows. The channel



length, L, is defined by the barrier thickness tedain-between the both heavily doped

polysilicon layers.

3. FABRICATION PROCESS

Thin film technology is adopted to fabricate theides, and the polysilicon thin films are
the determinant factor for the fabrication of thertical TFTs. The polysilicon layers are
deposited from LPCVD technique at 550°C and 90 $tagusilane (Sik) as precursor gas. At
these conditions, the films are still in amorphatate [10]; therefore a solid phase
crystallization step (SPC) is carried out at 6086€C12 hours to crystallize the amorphous
silicon into polysilicon. The combined techniquédd.8CVD and SPC have been adopted in
the lateral TFTs fabrication, combination that vpasved to be a way to obtain a high field
effect mobility of carriers higher than 100 @ws with an bn/lore of more than 10[11].
Therefore, this technology will also be used in eartical TFTs fabrication. In addition,
in-situ doping can be obtained by adding dopant gasdtetprecursor gas, SiHPhosphine,
PH;s, for N-type doping or diborane;Hg for the P-type. Therefore, P-type and N-type VTFTs
could be easily fabricated in the same run, jusadbgpting different doping gases for source
and drain regions. In the whole fabrication procéss maximum temperature doesn’t exceed
600°C.

As mentioned above, due to the dependence of aletiwer properties on the sidewall
profile, the sidewall formation is a critical stefjpring the fabrication process. Prior to the
fabrication process, much work has been devotéarto continuous sidewalls by reactive ion
etching (RIE) in order to better control the qualif the deposited active layer. Indeed, as

crystallization process occurs at substrate (idevgll)-layer interface, a recess as well as a



high sidewall roughness (due to reactive ion etghimould lead to the formation of a high
density of seed sites, which would induce a serarmease of the crystalline quality of the
layer.

A SiO, layer was involved as the insulating barrier lapethe first run. In order to reduce
the recess in the sidewalls due to the differericdathing selectivity between poly-Si and the
SiO, barrier, the Si@layer should be very thin (figure 2). The thicl®©O, layer is, the larger
the recess. Thus, to ensure a sufficient channgthelL, another undoped polysilicon layer is
deposited on the insulator film. For the fabricatprocess, the adopted Sithickness is 100
nm, considering that the breakdown volta¥gp, is about 0.5 V/nm, while the undoped
polysilicon thickness is im, in this case. Figure 2 shows that an etchinggesed at a high
RF power, with a reduced etchant gas pressures l@adppropriate sidewalls. The channel
length, L, is approximated to the barrier thickness, iles 1.1 um, knowing that a little
extra-length is due to the tilt angle of the sidiésyabout 70° (1/cos70° = 1.06).

After adjusting the sidewall profiles, a five-magkocess is carried out to fabricate the
vertical TFTs. After the classical cleaning of thebstrates, a 500 nm thick Siayer,
playing the role of a buffer, is deposited by APC¥D420°C. Afterwards, the deposition of
the first heavily-doped polysilicon layer is folle@ by the deposition of a 100 nm thick $iO
layer by APCVD. Then, a im thick undoped polysilicon layer is deposited dyaVvD.
Finally, a heavily-doped polysilicon layer is aldeposited by LPCVD. The silicon oxide and
the undoped polysilicon layer define the insulatiager of figure 1(a), in between the two
heavily-doped layers. After each silicon layer'gdsition by LPCVD, a SPC step is carried

out.



After the deposition steps, two RIE steps are imgleted. Indeed, first photolithography
and RIE steps are performed to define the mule-gadnfiguration, while the second
photolithography and partial RIE steps are perfatnteform source and drain regions. This
partial etching is achieved when reaching the Inotteavily-doped layer, and the precise
control of the etching endpoint is achieved wita Help of a laser interferometer. Afterwards,
an undoped polysilicon active layer is deposited UBBCVD technique under the same
conditions, and thus patterned by the third RIECpss that enables to form a channel on each
sidewall, i.e., two channels for one tooth.

An essential RCA cleaning step must be performédréeyate oxide deposition, in order
to eliminate the defects at the surface of thevadtaiyer. After the deposition of a 70 nm thick
gate oxide layer by APCVD at 420°C, a densificastep at 600°C for 12 hours is carried out
to eliminate most defects in the gate oxide. Afteat, the contact openings for source and
drain are defined by the fourth mask. After a 400 thick Aluminum layer deposited by
Joule effect evaporation, the electrodes are definyea wet etching step. The SEM top view
and the schematic side view of the final fabrica¥dd-T are presented in figure 3 (a) and
figure 3 (b), respectively. The top view clearlysls that the gate electrode passes above all

the teeth at the same time that defines a mulé-gaticture.

4. ELECTRICAL CHARACTERISTICSAND DISCUSSION

For the vertical TFTs, the active layer is depabisdter the formation of the sidewall.
Thus, different active layers can be obtained whthnearly same sidewall profile in the same
run. Because a preliminary physical simulation mted a role of the active layer thickness,

Tac, on both on-current and off-current, several valuere selected: 225 nm, 150 nm, 100



nm. Figure 4 shows the transfer characteristicstii@se different thicknesses. We may
observe nearly the samien/lore ratio of more than 0 for a drain-source voltage,
Vbs =100 mV. This indicates relative compensatedc&dfen the two currents.

Table 1 shows the electrical parameters deduced fh@ transfer characteristics and on
the classical model of a TFT. When increasing ttiev@ layer thicknessTac, the smallest
threshold voltageyy, and the highest field effect mobilifye, are obtained. This indicates a
better crystalline quality of the active layer dre tsidewall, when increasintyc, which is
consistent with the polysilicon growth kinetics tre planar surface [12]. The rather low
mobility ure and high threshold slofggare more likely to be due to the high roughneshef
sidewalls caused by the long-time of the RIE precésfact, even though the sidewall profile
has been optimized, there is still a recess of didewall at the interface between the
polysilicon and the Si@insulating layers. In addition, the morphologytbé active layer
crystallized on the sidewalls is still unknown, athimay also affect the electrical parameters.
Even if the mobilities are in the order of 10 %S, these values are suitable for many
applications.

Figure 5 (a) - (c) show the relationships of onrent, lon, Off-current, lorr, and
on/off-current ratiolon/lorr, With different active layer thicknessdgy andlorr Show the
same trend, that idpn andlore both increase with the active layer thickn€gg;. Thelon
increases withTac due to the better crystalline quality. In additidg-r increases with the
active layer thicknes$c; indeed, when increasintxc, a greater part of the active layer is
not under gate control and thus results in a hi¢gedtage. Figure 5 (c) shows that reducing

the active layer thickness results in laQ/lorr increase; this means that there is a balance



between oy andlopr variations with different active layer thicknes3gs.

Due to then-situ doping during the LPCVD process, P-type and N-typ&Ts could be
easily fabricated in the same run, just by adoptiierent dopant gases (Rldr B;Hg) for
source and drain regions. For such VTFTs, the 160 thick active layer is chosen,
corresponding to a good compromise betweendiiéorr ratio and the mobilityee.

The typical transfer characteristics of the P-tgpd N-type VTFTs are shown in figure 6
(a), with the sam&V/L = 80pum/1.1um. lon/lorr ratios slightly higher than 2Gare obtained
for both P and N-type VTFTs. Féfhs = 100 mV, the deduced electrical parameters atexdlis
in table 2. The same subthreshold sl&ef 1.9 V/dec is obtained for both P and N-type
VTFTs. For P-type VTFT, the field effect mobilipte is 4.2 cni/V-s, while the threshold
voltage Vryy equals to -15 V. In contrast, for N-type VTHEe is 7.5 cri/V-s, while V4
equals to 9.8 V. The difference of threshold vadtslgy between P-type and N-type VTFTs is
consistent with the polycrystalline silicon lateunterparts [13]. Nevertheless, the two
types of VTFTs have shown symmettig andlorr, Which demonstrates the feasibility for
CMOS-like VTFT circuit applications as invertersascillators.

Figure 6 (b) shows the similar transfer charadiesof the source-on-top (SOT) and the
drain-on-top (DOT), which indicates that the souaoel drain electrodes could be permuted.
Figure 6 (c) shows the output characteristics efftbricated VTFTs, the kink effect prevents
the saturation of the drain current, which could doppressed by increasing the channel
length and thus undoped polycrystalline siliconckhess [14], and by improving the
crystalline quality of the active layer on the siddis.

For P-type and N-type vertical TFTs, the electrid@racteristics are analyzed in function



of different dimensions. The same relationshipsehbeen obtained for the two types of
vertical TFTs, therefore, the relationships foryPet vertical TFTs are shown as an example.
For lon, its relationships with different geometrical paeters are shown in figure 7. From
figure 7,lonshows a linear relationship with the tooth numibgr,asloy is directly related
with the channel numbers (there are two channelgdch tooth). In the first analysdgsy
appears independent of the gate withl, This behavior should means that a dependence of
lon With W could be observed by decreasing the size, but a@fepstudy must be made in
this case, especially by improving the design rule.

Figure 8 gives the relationships between the offesu Iorr and the geometrical
parameters. From figure 8 (a) and 8 (b} shows strictly linear relationships with the tooth
numberN; as well as the single channel wid, which confirm that the off-curredpgr is
directly related with the active layer region. Frégure 8 (c),lorr is independent of the tooth
width W, which highlights thatore is just brought by the active layer part betweeurse
and drain, while the active layer on top of thethodoesn’'t have any effect dger.

By combining the analysis of on-currdif, and off-currentorr, we can conclude that,

for a fixed tooth width, thelon/lopr ratio follows the equation:

IOND N

t
(eq.1)
lore NV

1

WC
Which means that for the vertical TFTs, thg/lorr ratio can be increased by reducing the

single channel width\, thus a narrow single channel widW; is required, which is

approximate to the design rule. This also indicatesduction of tooth length, which is fixed

at 60um for the current mask definitions in the first syperformed in the frame of this work.



In contrast, the tooth numbeX;, doesn't affect the finalon/lore ratio, as expected, even
though the higher tooth numbe¥;, enables to provide a highésy, which is the major
advantage of our vertical TFTs. In addition, thg/lorr ratio is not affected by the tooth
width, W,

Dynamic characterizations of vertical TFTs were p@atformed, at this level of the study. It is
clear that in the first designs, the frequency peters were not optimized; indeed, the
relatively large area of the source and drain cagercould lead to a high parasitic capacitance
and decrease the frequency performances. Howdwgrsdurce to drain parasitic capacitance
effect is lowered since we used a 1 pm thick undgusysilicon layer deposited on the $i0
thin film, which increases the channel length aB asethe equivalent insulating film thickness;
thus it decreases this parasitic capacitance. thtiad, for the tooth width, a stabilized
industrial process should adopt the smallest dist@mompatible with the design rule. The area

of the capacitance should be minimized in this case

5. CONCLUSION

This paper presents a vertical TFT structure falbeid by a low-temperature process
(T <600°C) polysilicon technology. By adopting the trghte structure, the total channel
width can be enlarged while the channel lengthlmarery short for a vertical structure. The
electrical results show aln/losr ratio of more than fOwith a field effect mobilityure
around 10 ciV-s for different active layer thicknesses. P-tgpel N-type VTFTs have been

fabricated, the symmetric electrical charactersstitave been obtained, which enable



CMOS-like applications. The relationships of theatlical characteristics and the geometric
parameters have also been analyzed, the off-culiggnts proportional to the tooth number,
N;, and the single channel widt,, while the on-currentoy is only proportional tdN;. This
indicates thaton/lorr ratio could be enlarged by adopting a smallgrthat approximates to
the design rule, which needs a modification ofrttesks. In addition, the field effect mobility
ure could be increased by reducing the sidewall roeghnand improving the crystalline

quality of the active layer.
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Figure captions

+ N+ poly-Si
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* N+ poly-Si
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Figure 1: (a) 3D schematic of the VTFT structuneg #) cross-sectional view of a tooth
structure. The 3D view shows multi gates. The t@dthcture shows that the source and drain
electrical path is blocked by an insulating barnehile the active layer is deposited after the

formation of the teeth (sidewalls).



Figure 2: SEM of the optimized sidewall profile, it enables the active layer, the gate
oxide layer, and the Al layer depositions on iteitnains, however, a small recess at the level

of the SiQ insulating layer due to the etching selectivitifetence.

(b)

undoped
Si

Source Buffer oxide

Substrate

Figure 3: (a) SEM top view and (b) schematic sidewof the fabricated vertical TFT.
The geometrical parameters, including the tooth lmem;, the single channel widthy., and

the tooth widthW;, are marked on the top view.
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Active layer thickness (nm) S (V/dec) gm (1S) Vrh (V) gre (€m?V ) Ton/l orr

225 1.3 1.2 3.9 13.2 1.74 x°10
150 1.3 1.0 4.4 11.5 1.98 x°10
100 1.2 0.8 5 9.2 2.11 x 10

Table 1: Electrical parameters of VTFTs with diéfet active layer thickness&gc. When

increasingTac, threshold voltagd/ty reduces and field effect mobiligye increases, while

lon/lorr ratio reduces.

VTFT type S (V/dec) Vry (V) gm (nS) pre (cM?V s)
P-type 1.9 -15 15 4.2
N-type 1.9 9.8 27 15

Table 2: Electrical parameters of P-type and N-typ€&Ts.



