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ABSTRACT — Short Channel n-VMOS and p-VMOS field effect transis-
tors are designed and fabricated by using anisotropic etching solu-
tion of hydrazine and water mixture. The modified first order
theory is developed for V-groove MOS structure to account for the
non-uniform gate oxide thickness. It is found that the developed
theory is in excellent agreement with the experimental data. VMOS
fabrication techniques are discussed and the electrical properties
of the fabricated discrete n-VMOS and p-VMOS devices are measured
and examined.

I. Introduction

The general trend in MOS digital integrated circuits has been
toward producing the monolithic large scale integration (LSI) with
high chip yields, low cost and high speeds. In order to achieve this
goal, the short channel MOSFET with non-critical dimensional align-
ment tolerances is required to give the higher packing density and
the higher speed of circuit operation. For conventional MOSFET fa-
brication technology, the short channel length usually gives the
large overlap capacitance bétween the gate region and the source and
drain. This is the main limitation of MOS device to have the higher
speed of circuit operation. Recently, a variety of fabrication te-
chnologies have been developed to minimized the parasitic capaci-
tances, among them are: silicon gate, planox, isoplanar and ion im-
plantation. 1In general, the higher complexity of fabrication steps
will give lower yields and higher cost. The more recently developed
V-Groove MOS (VMOS) technology [1,7] seems tobe capable of producing
MOSFETs with .short channel, small overlap capacitances (Cgd, Cgs) ,
high breakdown voltage, and can result in the higher packing density
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of digital integrated circuits. All these advantages can be achieved
by using non-critical alignment tolerance which in turn is a direct
result of the orientation dependent etch (ODE) process [2,3,4,6]step.

The ODE process (or called anisotropic etch proéess) had been
developed as a technique for dielectric isolation in integrated cir-
cuit fabrications, the new device structure which takes advantage of
V-groove technology is still under development [1,5,7].

In section 2, a simplified one-dimensional theory will be deve
loped for VMOS to account for the non-uniform oxide thickness, and
some design parameters are given., The fabrication technique of V-
MOS .will be described and the measurements on the test device to con-
firm the theory will be given in section 3. Discussions and further
applications of V-MOS technology will be given in the last section.

Ill. Theory

The basic cross sectional structure of the aluminum gate V-
groove MOSFET is shown in Fig. 1. The structure is similar to that
of a planar MOS transistor, except that the channel extends along the
V-groove. If we choose the Xx-axis to be perpendicular to the V-groove
plane, and y-axis to be parallel to the V-groove plane. Theu, the
total current flows along the channel can be written as

= = oV
ID——Z UnQu(y)W (1)

where ﬁn is the average effective mobility along the channel,and is
defined as

d(y)u n(x,y)dx

U =
B ‘g‘“’)n.(x,wdx

Q (y) is the inversion layer electron charge density per unit area,
and is defined as Q (y)=- qf d(Y)n(x y)dx;. Z is the width of the in-
version layer channel, d(y) is the depth of the inversion layer chan-
nel and is a function of surface potential along the V-groove. It
should be noted that Eq.(1l) is derived under the conditions of the
depletion approximation, and by neglecting the diffusion current term
in the conventional current flow equation.

From the charge neutrality condition of MOS capacitor .struc-
ture, the total effective metal gate charge should be equal to the
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induced charges in the semiconductor which includes the total inver-
sion layer charge and the depletion layer space charge, i.e.,

QMT=SMQM=-SS(QII+QB) (2}

where QMT is the total metal charge; QM,Qn,QB are the metal gate, in-
version layer, depletion layer charge density per unit area,respec-
tively. SM and SS is the effective cross sectional area of metal
gate and semiconductor inversion layer, respectively.

The total metal charge QMT can be written in term of the ap-

plied effective voltage across the MOS capacitor, i.e.,
Qur=Sy@=-Co (Vo-Vpp~ts(¥)) (3)

where VG is the gate voltage; vFB is the flat band voltage which can
include the metal-semiconductor work funection difference, oxide
charges and mobile ions in the oxide or interface; ¢S(y) is the se-
miconductor surface potential; Eo is the average effective oxide ca-
pacitance for the inversion layer channel, which includes the effects
of the non-uniform oxide thickness over the channel and the non-equal
area of metal gate and the effective channel surface area.

So the inversion layer electron density per unit area can be
written as

€
it .
Following the conventional MOS calculations, the surface potential
for strong inversion and the depletion layer change can be separately

written as
¢S(y)=v(y)+2¢fp (5)

Qp(y)=v2RgE aN, V() +28; ] (6)

where ¢fp is the Fermi potential of the substrate, and V(y) 1is the
reverse bias between the elemental section of the channel and the
substrate. Putting Eq. (4), (5), (6) into Eq. (1) and integrate once
along the channel, we get

Zu 9 SS
IDL(Y)="§§I‘1‘ CO{ [VG-VFB-ztpfp_%vD(y)] VD('Y)-E' c—o“ ZKSEOQHA

[V (y)+20, )% 2= 20, )%/21 )
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Eq. (13) is similar to the conventional MOS equation,except that the
non-uniform oxide thickness Co is taking into account.
(1) For linear region (triode region) .

For very small drain voltage VD<<2¢fp<(VG—VFB—2¢fp),welet y=0,
VD(0)=0 at the source contact and y=L, VD(L)=VD at the drain contact,
then Eq. (13) becomes

=237 ©
In Lunss [Ve=Vaul¥y (8)
SSIZKSEOqﬁA(2¢f )
where VT=VFB+2¢ + - 2P is the average turn on voltage of
fp ¢
(s}

the channel, Since the oxide at the tip point B is thicker than the
sloping wall by 1.74 time, which causes a reduced surface electric
field in the semiconductor near this point and thus controls the
threshold voltage of the VMOST. If the substrate is tied to the

source, the threshtold voltage V+ of the tip point B is given by

v2K.e aN,(2¢,. )
tos So” A" "fp
VT—VFB+2¢fp+ Cob (9)

where Cob is the tip point capacitance per unit area. Eq. (9)is si-

milar to the case which considers the uniform oxide thickness of the

tip point magnitude t =1.74 t (t, is the side wall oxide thickness)
= L

with area of SS, S0 Cob-KSe0 o

V&, Eg. (8) with effective average capacitance CO is more accurate

When the gate voltage is larger than

to account for the non-uniform oxide thickness. The conductance and
transconductance can be easily calculated for the linear region as

ol

QID

; L2 0 =
g =x=— | v _ == == WV (10)
m BVG VD const I, SS I'lFE D
Ehe i T
where ”FE=Un+(VG_VT)5?_ = field effect mobility.
G
oI Cc
B a TR Y
g4~7v, IVG L3 Hy (Vg=Vip) (A1)

(2) Saturation region

With increasing drain to source voltage (for a fixed VGS) the
device enters the saturation region and channel pinch-off occurs ini-
tially at point B where the oxide is thicker, and then the depleted
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region spreads mostly along the BC wall of the groove. 8o letting
L(y)=1"-, VD= b s in Eq. (13) for saturation condition, we get

2zin EO
ey §g{[VG'VFB'2¢fp‘*VD,sat] VD, sat

1
w|n
owap

ARGE N, [V, 120, )%% (20, )%/21) (12)

(o]

where the saturation voltage VD sat Can be calculated by setting
Qn(%)=0 which gives

2
K € aN 20 (V.-V.o)
|t $%WNa - |..%2(Vg~Vrs
YD, sat™Ve VmB 2yt — [1- | IFx oW ] £13)
Co S o" A

The transconductance in the satuyration region is

" =2
2¢ i
g M i FV,.~V..-2¢ - PO PO A VFB))] (14)
m,sat” L S G 'FB fp -2 5 K.t gN
S Cb S o" A
’ (8]

Eq. (14) is slightly different from the conventional result by using
Eo’ Cob in stead of C,» and effective channel length L'=%.

The magnitude of Co can not be easily calculated,but the ap-

proximate magnitude should be estimated. Let the average oxide ca-
pacitance be written as

€ = K.e £

o * Mgl 3 (15)

where § is the average surface area of oxide capacitor, d is the
ayerage oxide thickness. If we take the first order approximation,
then letting E=§(SM+SS) and a#é(to+tp), Eg.(15) can be written as

o o
m =

B 1
= e 16
co KSeot0 t (18)
2(zE)
Q
where SM and SS represent the effective surface area of gate capa-
citor contact for metal and semiconductor, respectively. 1:0 and tp
represent the sloping wall oxide thickness and tip point oxide thick-

ness, respectively. From the V-groove structure in Fig. 1,the aver-
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Sourcei ~Al metallization Drain Si0,

Source n* Lp_type Si substrate Drain n*
Diffusion Diffusion
Region (a) Region

(b) (c)

Fig. 1 (a) Schematic structure of a n-VMOS (b) Very short channel

structure (c) Long channel structure
age capacitance can be written as

Eo=o.7291 00(1-31.9 x 1.4281) (17)
where CO=KSeO :-g = uniform oxide capacitance with cross section area
SS and the thickness to. From Eq. (17), we see that the corr%ction
TO—,the
average oxide capacitance is smaller than Co at least by a factor of
0.7291, the smaller the channel length will give the lower capaci-
tance. It should be noted that the analytical expression of Eq.(17)
is only quantitative valid for short channel 1length. For longer
channel length, the correction due to tip point thick oxide effect

on Eo is negligible.

of the oxide capacitance is strongly dependent of the ratio

111, Fabrication Techniques and Measurements

The test samples of V-groove n— and p-channel were fabricated
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by four mask technology with channel width of Z=55u and V-groove win-
dow W of 5y, 7.5y,10u and 12.5p. The <100> surface orientation of
Si substrate with resistivity of n-type 0.5-1.150-cm and p-type 3-5
{l-cnt for n channel and p-channel respectively, were chosen.Junction
depth of source and drain diffusion were controlled about 2.5y and
2.8y for p- and n-channel, respectively. The main process steps are
listed as followed:
1. Strictly clean the Si <100> wafer surface.
o about 8000A°,
3. Use the 1st mask to define the source and drain diffusion re-
gion photo-lithographically.

2. Thermally grow a layer of SiO

4. Boron predeposition for p-channel (phosphorus predeposition
for n-channel),

Remove Boron glass (Remove phosphorus glass),

Source-drain drive-in.

. Use the 2nd mask to define the V-groove etching window.

0 3 o u

V-groove etch by hydrazine-water mixture (2:1 by volume ratio)

heated to 100°C.

9. Wafer surface cleaning.

10. Thermally grow the gate oxide (IOOOAO) by using dry O

11. Annealing and gettering.

12. Use the 3rd mask to open the source and the drain ohmic con-
tact.

13. Al metallization.

14, Use the 4th mask to define the metallization pattern.

15. Sintering.

The typical I

9

D-VDS characteristics of n- and p-channel are shown
in Fig. 2 and Fig. 3, respectively. For n-VMOS, the channel length
L is 4y, the threshold voltage VT is 1.55 volt (enhancement) , the
breakdown voltage is about 35 volt. For p-channel, the channel length
L is 2y, the threshold voltage VT is 5.3 volt, and the breakdown vol-.
tage is about 50 volt. In order to fully characterize the process
and the resulting devices, the n- and p-channel of VMOS were fabri-
cated with channel length ranged from 0.2y to 10u. Measurements car-—
ried out on the test devices include I-V characteristics, threshold
voltage, transconductance at the linear region and saturation region,
breakdown voltage and field effect mobility. The transconductance
at saturation region for p-channel VMOS with four channel length L=

0.2u, 2u, Ty, 8y, are shown in Fig. 4, the linear region transconduc-
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Fig, 2 ID_VDS characteristic of a typical n-VMOS, Z=55um,

L=4yu , VT=1.55 volt, VBD=35 volt.

Fig. 3 ID
L=2um, VT—5 3 volt, VBD 50 volt.

DS characteristics of a typical p-VMOS, Z= 55um,

tance versus (VG—VT) curves were measured with source and drain vol-
tage kept at Vpg™200 mV to maintain the surface channel as uniform
as possible, then the field effect mobility was deduced by Eq. (10)
with the effective oxide capacitance Co equal to the side wall oxide
capacitance Co (thickness t0=1000A0). The field effect mobility
curves are shown in Fig. 5, The gate voltage dependent mobility
shows the similar shape by comparing with the convent10na1 planar
MOS mobility, but the field effect hole mobility is strongly depen-
dent of the channel length, i.e., the shorter the channel length the
lower the field effect hole mobility will be. If the channel length
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i Fig. 4 p-channel saturation region transconductance g, V-S. gate
voltage (VG-—VT) for different channel length L=8y,71,21,0.2 W
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Fig. 5 Field effective hold mobility uFE v.s. gate voltage (VG—VT)
for different channel length L=8y,7u,2u,0.2u.
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is larger than 7u, the field effect mobility will almost give the
some magnitude as shown in Fig. 5. For n-channel VMOS, the satura-
tion region transconductance is shown in Fig. 6 for d_ifferent chan-
nel length ranged from 0.9uto 8.9u. The field effect electron mobi-
lity deduced from the linear region of transconductance, is shown in
Fig. 7, which shows the similar tendency to that of the p-channel
VMOS. The threshold voltage of n- and p-channel for different chan-
nel length is shown in Fig. 8. From this figure we can see the gen-
eral tendencyof threshold voltage which shows the lower channel length
will give the lower threshold voltage. For n-channel VMOS, the
throshold voltage fluctuation is within 1.5 volt and can be control-
led . below 3 volt for enhancement, the p-channel threshold voltage
changes from 4 volt to 9 volt for channel length ranged from 0.2y
to 8¥, which is still a little bit higher,

From the previous results of the field effect mobility and the
threshold voltage data, we clearly see that the conventional stan-
dard MOS theory does not give a proper feature of VMOS. The modified
theory developed in section two, should be examined. We have shown
in Eq.(7)that the average capacitance of the VMOS should be modified,
the first order approximate relation of average gate capacitance was
given in Eq.(17) which gives the correction factor of the average
gate capacitance for short channel length, For example, the p-channel
VMOS with channel length L=2U and oxide side wall thickness t, =1000
AO, the average capacitance C =0.6843 C the mobility HpE should be
multiplied by a factor of 1. 46, and 00—0.2085 Co for 0.2 ¢ channel
length, the mobility should be multiplied by a factor of 4.8. For
the n-channel case, the average capacitance ﬁ =0.6135 C, for 0.9 u
channel length, the field effect mobility should be multiplied by a
factor of 1.63. The corrected field effect mobility curves are shown
in Fig. 5 and Fig. 7 by the dashed lines which are the real field ef-
fect mobility in V-MOS structure. The remained difference between
the short channel and the long channel comes from the hot carrier
effect experienced by the short channel carrier. For example, 0.24
p-channel for a 200 mV fixed source and drain voltage will have the
electric field of 10% v/em which will drive the electron velocity into
saturation and the mobility will drop approximately this magnitude[10].
For the long channel (>7um),the electric fieid is small than 3x102Vf
cm (VDS=0.2V),hence the mobility is still at'the low electric field
value. It should be noted that the field effect mobility deduced
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from the transconductance is smaller than the effective mobility

deduced from the conductance measurements by a constant factor. From
=T % %Un  jif the effective mobility can be writ-
Eq. (18) Vpg=H +(Vg-Vp) — y

ten as un=u(VG—VT)' , then the field effect mobility will be iFE=

(l—B)'l:tn where 0<B<1. So the effective mobility is quite reasonable

magnitude by comparing with that of planar MOS. As regard to the
threshold voltage, Eq. (9) shows that the tip point of VMOS controls
the turn-on of the channel, hence the lower the channel length, the

lower the tip point capacitance will be, then the effect of fixed
charge and doping concentration on the threshold will be stronger.

than that of the planar MOS. Hence the smaller the gate oxide thick-
ness and oxide fixed charge will give the lower threshold voltage.

The breakdown voltage of n-channel and p-channel is always larger

than 30 volt in our test sample, the overlapped capacitance is only

at the order of 0.4 pF which is much smaller than that of the conven-
tional planar MOS, hence the cut off frequency for VMOS will be 400

MH=z.

350} n-YMOS
Vns.-. 25 volt

300k z=55u L=09u

2501

200

150

100

50+

Transconductance Gpg ( 1 TT)

1 1 1 1 | 1 i 1
56 8 10 12 14 16 18 20 22 24 26
(Vg=Vy),volt

Fig. 6 n-channel saturation region transconductance gy, V.S. gate

voltage(VthT) for different channel length L=8,9y,7.2u,0.9u.
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Fig. 7 Field effect electron mobility Ypgp V-S. gate voltage (VG—VT)
for different channel length L=8.9u, 7.2u, 0.9y,

10 { for p-Channel

8 f } f for n-Channel

Threshold Voltage Vs Cvolt)
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Fig. 8 Threshold voltage VT v.s. channel length L for n-channel and
pP-channel,
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IV. Conclusion

V-groove n- and p-chainel MOSFET are fabricated by using aniso-
tropic etching solution of hydrazine and water mixture. The ultra-
short channel length for both n-channel (0,9um) and p-channel (0,2um)
are realized by using the non-critical alignment tolerance of V-groove
technology. The process results in a short channel, low output con-
ductance, high transconductance, small gate capacitance, and hence
high cut-off frequency by comparing with the conventional planar MOS
technology.

The modified first order theory is now developed for VMOS,which
is in excellent agreement with the phenomena observed in short chan-
nel VMOSFETs operation. Some designed parameters of VMOS are given
in the text. VMOS technology is not only capable of high speed ope-
ration, but also will give the high packing density of integrated

circuits.
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