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ABSTRACT

Three new VMOST geometries were designed and studied for
improvements of power-frequency performances . Output powers up to

lOW have been obtained at 1 GHz, with associated gains of 5 dB, from
top-source VMOST devices fabricated using a low angle (60 0) gate
evaporation. The sources of gate oxide contamination in V-groove type

devices and a model for the variation of turn-on resistance with

V-groove depth were also investigated .
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1. INT RODUCTION

This report describes the work which was carried out under

Contract N000l4-74-C-00l2 during the period from October 1975 to
September 1976. The objective of this final phase of the program was

to investigate and develop techniques for improving the gain performance

of the silicon vertical MOS field effect transistor (VMOST) device in

the 2 to 4 GHz frequency band. More specifically , the device must

be capable of delivering up to SW of output power, have linear ampli-

tude and phase characteristics , and a noise figure comparable to the

silicon bipolar transistor at this frequency band.

From optimized transistor parameters predicted by computer

simulation of the VMOST device, two new transistor geometries were con-

sidered for investigation . These required the development of new

epitaxial growth and anisotropic etching technolo gies wh ich , unfortunately,
lead to new problems . In the course of studying these problems , a better

understanding of the requirements of high power VMOST design was derived.
The solutions to the etching problem also provided some insights to the

complex dependence of surface stability and surface mobility on chemical

treatment . The results, therefore, have wider implications than the present

program, and may perhaps aid in a better understanding of the problems
experienced by other vertical channel WIJS transistor devices, e.g., the

V-groove MJS transistor.

In retrospect , the investigation of two new geometries, each

requiring the development of fairly sophisticated technologies , was

perhaps too demanding and beyond the scope of the present program . As

such , the work remains incomplete. The results obtained so far, however,

should provide a sound basis for future investigations .

The silicon VMOST device is a viable product today for linear

power amplication at frequencies below 2 GHz . A single transistor cell ,
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for example, is capable of delivering up to SW of linear Class A power

with a reasonably high power added efficiency (> 25%) in this frequency

range. This equals or exceeds the single cell output power of the

silicon bipolar transistor, and for many UHF band communication appli-

cations the vertical MOS transistor should offer superior linearity and

more attractive circuit properties .

The milestones which were achieved during the last three years

of the program were:

(i) an 
~max 

of greater than 4 GHz

and (ii) a power-gain product of 60 dB-watt at 1 GHz.

These are the highest values that have been achieved for a power silicon

MOS transistor to date.
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2. VMOST DEVICE DESIGN

2.1 Device Modelling

The VMOST computer model , Figure 2.1 , which was developed and

refined during the first two phases of the program was used extensively

at the beginning of this study period to determine the optimum design

parameters for high gain operation at S-band. Of particular interest

in the simulations were the roles of the parasitic gate-to-drain

capacitance, CGD, and extrinsic source inductance, L5p, on the gain-

frequency behavior of the VI’4JST device. The results of four interesting

design cases are shown in Figure 2.2. In these simulations the gate

periphery was assumed to be 1.75 cm , and the values of the other device

parameters were obtained from representative experimental results of a

large number of VMOST runs (Annual Report , November 1975, Contract

N00014-74-C-00l2). These parameters are given in Table 2.1 below .

TABLE 2.1

Parameter Value Parameter Value

CGS, pF 5.8 Rap, ~2 0.05

RG, ~ 1 RGP , ~2 0.5

CDS, pF 9.4 LGP, nH 0.2

RD. ~2 60 RDP, ~ 0.1

CGN~ , pF 1.2

Figure 2.2 shows that the unilateral gain curves, as expected ,

are dependent only on the CGD val ue. For CGD = 1.5 pF , 
~max 

8 GHz ,
and for CGD = 1 pF , 

~max 
= 9 GHz. The maximum stable gain (MSG) is

affected both by CGD, which determines the overall amount of MSG (as seen

by comparing curves A and C) and by Lgp, which peaks MSG at the same
frequency at which the stability K factor peaked for various source

- 3 -
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inductances. Of the four cases considered here, case A , which shows

the device maximum available gain (M&G) to be over 9 dB at 4 GHz, and

curve B, in which the device is unconditionally stable over almost the

whole frequency range from 2 to 4 GHz with a MAG of at least 8.5 dB , are

of particular interest to the program . In both cases, however, the

requirements show that to obtain high gain at S-band , a 1.75 cm gate

periphery VMOST device must have CGD and L5p values below 1 pF and

0.05 nH, respectively . Both limiting values indicate the problems of

the top-source VMOST configurations which were studied to this point.

In practice, CGD is limited by the overlap of the gate electrode above

the drain region and by the gate-to-drain trough capacitance . Further-

more, because the source contacts are on top of the finger mesas in all

the V?4OST designs (up to the Mark V geometry), access to these contacts

can be ach ieved only through the use of bonding wires or ribbons which

raise L5p, or by flip-chip bonding . The latter approach requires a

high degree of bonding sophistication and is marginal at best from

reproducibility and reliability points of view.

2.2 ‘I(MOST Geometries (Mark VI and VII )

In attempts to satisfy the requirements of the computer simu-

lations discussed above , two new VMOST geometries (Mark VI and VII) were

developed which represented drastic departures from previous VMOST Uesign

concepts.

2.2.1 Top-Drain VMOST (Mark VI). The Mark VI VMOST design
has a top drain configuration . This inverted structure, illustrated in
Figure 2.3, should have inherently lower extrinsic parasitics (especially

gate-to-drain), lower source resistance and inductance, and better heat
sinking capability to withstand higher operating temperatures. As shown

in the figure, grounding of the p-substrate is achieved through a p~
column which is shorted to the n~ source by the source metallization .
The p ’~ grounding column could either run the entire length of the finger

or be truncated into grounding islands similar to the Mark V geometry .

The resistance of a 4 um wide , 10 urn high column of S x l0~~ ~2-cm resis-
tivity p’~ material , corresponding to 2.5 x 1019 cm 3 p concentration , is

- 6 -
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(l..25x1 0 2/Q)ohms . If the length of the column is 50 urn, the grounding

resistance is only 2.S~ , which is much lower than required. This

grounding scheme requires an alignment of the mesa fingers to the p~
posts.

An alternate grounding scheme is shown in Figure 2.4 in which

wide stripes of p f material are used and the transistor fingers are

aligned approximately orthogonal to these stripes . The grounding

resistance of each strip is again only 2I~ if the mesa width is 10 urn

and the p~ strip width is 25 urn, assuming the same p~ resistivity and

strip height (10 urn) as before. One disadvantage of this grounding

scheme is that in the regions where the p~ grounding is done, there is

no MOS transistor action . The total grounding area, however, can be

quite smal l (<10% of the active transistor area).

Figure 2.5 shows the top view of a Mark VI device. The isola-

tion notches of previous V?4JST geometries have been removed in favor of

a mesa isolation barrier. This change is important because of the lower

gate metallization angle requirement of the device (typically < 60~ with

respect to the vertical plane). The mesa isolation barrier isolates

the gate metal from the parasitic gate metal and from the periphery

metal surrounding the device . The barrier is also designed so that the

~~~ n-, and the p epitaxial layers are isolated from the main device to

minimize parasitics . This feature is accomplished simply by narrowing

the protective oxide mask at the ends of the barrier so that during the

silicon etch step the silicon is undercut sufficiently under the

narrowed oxide to result in isolation of the epitaxial layers .

The gate bonding mesas and drain contacts are similar to the

other VMJST geometries described in the last Annual Report .

2.2.2 V-Groove Top-Source VMOST (Mark VI~J. The Mark VII

VMOST geometry is based on a modification of the V-groove technology , as

shown in Figure 2.6. Unlike conventional V-groove devices , the gate-

source metal overlap is minimized by the oxide overhangs in the Mark VII

transistor . As originally envisaged , the design has the attractive

- 8 -



~1

— — ~---- —-- - -.-._ 

~+ G~oti~ i NG
STRIPE

• .. I 

• I
:
Ii .; ; ’ 

. ‘ :
i : • 

. .

1 . l u I ; i : I  I I  .

Figure 2 .4  Desi gn of p4 Ground Bus
of Substrate Source VMOST

- 9 -

, .: : - ——

.~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

.. — — -

~~~~~ 

--- -- — -,-- -- ---- - -- -.

~~~~~~

- .- -

~~ 

---- -- - .--- - ----

/ MESA I SOLATION BARR! ER
OXIDE /

w~sIc P~ IRK V
GEaVETRY

Figure 2.5 Substrate Source VMOST Device

- 10 -
RM—64507 



Dwg. 64 15A2 6

Sourc e

N~

Z / // / / / / / / / / // / / // / / /

Drain

Fig. 2.6 — Top-source V-groove VMOST cross-section

— 11 —

IL .= ~~~~~~~~~~~ — ,.“ .-



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- — -  . -. - .

features of high gate pack ing dens ity (gate width per uni t drain area)
and minimum gate-drain overlap controlled by the etch depth of the

groove . Furthermore , a vertical gate and source metal evaporation
could be used for this device . This eliminates the angle dependence of

metal sheet resistance effect, shown in Figure 2.7, wh ich precluded the
use of aluminum as a gate metal in VMOST devices fabricated to this

point . It also simplifies the metallization scheme to a common gate-

source metal without requiring further metal etching, as in the Mark V
processing .

Figure 2.8 shows the top view of a completed Mark VII transistor.

In this version of the transistor, the parasitic gate comprising the

depos ited metal in the trough surrounding the outer periphery of the
device is not isolated from the main gate. The other transistor version

uses the two “dummy” mesa f ingers at both ends of the gate bus to isola te
the outer gate periphery in a manner copied from the Mark VI design.

The total gate width of this device is approximately 0.9 cm, and the
active area is 0.3 mm by 0.39 mm .

- 12 -
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Angle and Deposition Rate

- 13 -



-- - . — - . .-

It I

_ _ _

_I_
_ _ _!. .‘ ~±J

Figure 2.8 Top-Source Mark VII V-Groove VMOST Devi ce

-14 -

RM—7 1358

lilt.. . . - ---_~~~~__  - .-. —.. . - , .—-— —,—--—--~~~ ..——-—— .-—— — — -~~~ 
. . -.



— .~~~~~~~~~~~~~~~~~ -- -. -
~~~~~~~~~~~~~~~~~~~~ 

3. FABRICATION

3.1 Mark VI Top-Drain V!43ST Processing

3.1.1 Substrate Processing. The key to the Mark VI inverted

VMOST geome try is the for mation of the p4 grounding regions with
vertical walls of at least 10 urn. To achieve this, a starting substra te
material of 0.008 a-cm As-doped , <110> orientation silicon was used.

Initially, SiO2 was thermally grown on the substrate to a thickness of

1 tim, and a pattern of p~ grounding strips (Figure 3.1) was delineated

photol ithograph ically on the ox ide. Stripe windows were then formed by
chemically etching the exposed oxide down to the silicon . The width of

the oxide strip opening was 3 tim and the strip length 0.94 mm. The

spacing between stripes was 50 urn. In delineating the patterns, the

strips were aligned at an angle of 54~~~
7

0 (clockw ise) wi th respec t to
the substrate wafer flat during photolithography. This orientation is

necessary to produce a minimum r~f undercutting of the <111> planes

dur ing etching.

Preferential etching of the silicon was accomplished with the

use of a 44 wt % KOH and H20 etchant to produce a higher etch rate on
the <110> planes than on the <111> planes. The results of this etching

are shown in Figure 3.2. The depth of the vertical grooves was 42 urn,

and the width was 4 tim, indica ting an undercu tting of approx imate ly
0.5 tim . The wafer was etched at room temperature for approximately

24 hr.

3.1.2 Epitaxial Growth. Backfilling of the etched grooves

with p~ (B-doped) material was accomplished on a CVD (chemical vapor

deposition) epitaxial H2-SiC1~ -HCl reactor system . The HC1 effectively

etches the silicon which tries to grow on the top <110> surface of the

wafer , resul ting in zero net deposi t ion , while allowing preferen tial

- 1 5 -
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Figure 3.1 Pattern of p4 Ground ing Stri pes

Fi gure 3.2 Etched Grooves in <110> Silicon Substrate ,
Width of Grooves, 4 tim; Height 42 urn.
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net growth in the grooves. Thus, too little HC1 allows the top of the

grooves to fill before the bottom is completely filled and leaves a

void beneath the silicon surface, as shown in Figure 3.3(a). On the

other hand, too much HC1 causes the upper edges of the groove to

etch back and widen . In extreme cases , the whole surface of the wafer

is etched, thereby reducing the groove depth.

A total of 13 combinations of gas flow rates and growth times

were tried in the epitaxial growth experiments. These are listed in

Table 3.1. The gas flow rates given are uncalibrated values applicable

only to our growth system . After growth , each wafer was cleaned for

examination of the grooves. The data indicates that the best growth

conditions are given by runs #40 and #49. Even though the grooves are

f illed , the surface is generally dimpled at the groove openings , and
thus is not smooth enough to grow the p- and n-epitaxial layers

required to complete the wafer. To eliminate the surface roughness,

the wafers were Syton polished back lightly after each backfill ing

growth to remove up to 10 tim of material. This still left a deep

enough groove to ensure contact to ground after substrate thinning of

the finished wafer. A photo of a polished wafer is shown in Figure 3.3(b).

Finally , epitaxial layers of p, n , and n4 materials were

grown on the back-filled wafer according to the ideal profile sketched

in Figure 3.4.

3.1.3 Device Fabrication. The fabrication of the Mark VI

V~’OST device is very similar to the fabrication of the other VMOST

devices , and in some senses simpler . The detailed processing steps are
illustrated in Figure 3.5, for the case where the drain fingers are

aligned at 90° to the p4 strips .

The first step in the device fabrication is the delineation

of the VMOST oxide geometry , Mask A, Figure 3.6, after which 100O~t of
Si 3N4, followed by l600A of SiO2, are deposited over the oxide pattern,
Step (2). A second pattern, Mask B , is defined photolithographically

on the SiO2, and the latter is etched to form an etch mask for the Si3Nu ,

- 17 -
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Figure 3.3 Side View (cleaved edge) of Back-Filled Slots
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TABLE 3.1 Slot Backf i l l ing  Experiments

SiClu HC1 Time Dopan t Comments/DescriptionRun Rate Rate (mm )

Low conc. Bottom open35 150 62 45 phosphene

Top open36 75 53 Growth not complete

Top open38 75 56 90 SiC 2 left  on top

Top open90 “ 

Si0 2 left on top

Top open40 75 40 90 SiO2 left  on top

High conc. Unf i l led41 75 40 40 diboran e

42 150 40 40 “ Bottom open

43 150 50 40 “ Bottom open

44 150 50 40 “ Bottom open

45 150 55 40 “ Bottom open

Bottom open46 150 60 40 “ 

Better than 45, however

Bottom open47 150 65 40 Poor f i l l i ng

Bottom open48 75 75 40 Contradicts 41

Top open49 75 40 80 Pos sibly usef ul

- 19 -
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Step (3). The wafer is now etched in a commercial phosphoric acid

solution (Transetch - N) to remove the Si 3N4 down to the silicon level ,

Step (4).

Mask C is used to selectively etch away the SiC2 layer cover-

ing the Si3Nu, Step (5), on the gate mesa pads . The exposed silicon is

then etched to a depth of approximately 5 urn, Step (6) , down to the n~
substrate.

In Step (7), the Si 3N~ on the gate mesas are removed , followed

by a quick etch in buffered HF to remove the remaining Si02 mask layer
on the drain fingers, Step (8). The wafer is now thermally oxidized to

form the thin t4JS gate insulator , Step (9). Following this, the Si 3N~
covering the drain openings is etched off, Step (10), and the gate and

drain metal contacts are deposited at the appropriate angle , Step (11).
Finally, the front of the wafer is protected while the back of the wafer

is etched down to the p4 slots, Step (11), and rnetallized to form the

source contact.

The epitaxial profile of the top-drain VMOST device is such

that the channel p-region is now further from the surface by the thick-

ness of the n dr if t region. Bec ause of th i s , the gate evaporation
angle is lower (<60 °) than for the other VMOST devices. More important,
a single aluminum evaporation can now be used in place of the multi-

metal evaporation scheme without sacrificing the sheet metal resistance,
Figure 2.7.

3.2 Mark VII Top-Source V-Groove VMOST Processing

3.2.1 Material Processing. The starting substrate material

for the Mark VII Top-Source V-Groove VI43ST device was <100> orientation,

As-doped, 0.008 a-cm silicon . Epitaxial layers of n (“  3 tim and
1015 cm 3 concentration), p (‘

~
. 1 urn and 3-5 x 1016 cur 3 concentration),

and p4 
~~~~~ 

1.5 tim and >10 16 cm 3 concentration) materials were then
grown sequentially on the substrate, followed by an n4 phosphorous dif-
fusion to form the complete transistor profile. As in previous V14~ST

top-source designs , the depth of the n4 source diffus ion is controlled

- 24 -
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to be slightly deeper than the p4 epitaxial layer to ensure complete
channel inversion at the source end.

3. 2 .2  Device Processing. The device fabrication steps of

this transistor are very similar to previous V!~ ST devices (see Annual

Report, 1975). Mask A , Figure 3.7, is used to leave p4 grounding

islands in the mesa fingers of the transistor during the n4 source

diffusion. The transistor is defined by Mask B , and Mask C is the Si3N~
protection mask which covers the source region during thermal oxidiza-

tion of the gate insulator. Mask D is used to define the gate mesas for

bonding. The slit opening between fingers in Mask B is approximately

1.5 tim to minimize gate-source overlap .

Prior to the formation of the V-grooves, an isotropic silicon

etch is used to undercut the oxide and form the overhangs to a length

which is predetermined by the slit opening dimension and the location

of the p-channel layer in the epitaxial profile. Following this , an
anisotropic KOH etch solution is used to create the V-troughs. If the

epitaxial prof ile is correc tly matched to the mask dimens ions , and the
isotropic and anisotropic etch depths are in the proper proportion, then

a simple vertical (0° angle) metal evaporation is all that is necessary

to form the gate and source contacts.

• In the course of the study, a number of different KOH etch

compositions were tried in an attempt to minimize etch striations and

surface state densities . The latter was found to be critically dependent

on the etch composition and the cleaning procedures following etching.

Figure 3.8 shows the top view of a fabricated device just prior

to aluminum evaporation . As mentioned earlier, the gate width of this

device is approximately 0.9 cm and the active device area is 0.3 mm by

0.39 mm.
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4. EXPERIMENTAL RESULTS

4.1 Low Frequency Evaluation

4.1.1 Mark VI Top-Drain VMOST. Although the experiments on

groove backfilling and polishing were successfully carried out , as
discussed earlier in Section 3.1 , some d i f f i culties were encountered in

growing and evaluating the n4-p-n impurity profile of the epitaxial

layers . In the absence of the back-filled p4 grooves, the growth con-

ditions were fairly normal, and spreading resistance measurements

revealed well-defined p and n regions suitable for VMOST fabrication ,
as shown in Figure 4.1.

The presence of the p4 grooves, however, appear to complicate

the epitaxial growth . Figure 4.2 shows the concentration profile of an

epitaxial run made on a back-filled <110> As-doped substrate , using
similar growths as in Figure 4.1. As expected , there was noticeable

out-diffusion of B from the highly doped p4 grooves , resulting in con-
version of the n- layer to p doping. More significantly, the presence

of the grooves have a profound effect on the spreading resistance pro-

f ile , as evidenced by the periodic high resistance perturbations in
Figure 4.2. These perturbations are a result of the presence of the

grooves, as illustrated in Figure 4.3. At point C, for example , the

resistance measured is that  of the p4 groove rather than the n4 sub strate ,

hence the periodic perturbations.  Even at points B and A the groove
effect is still quite noticeable. Because of this , an interpretation of

Figure 4.2 is extremely complex , and of only marginal value quantita-

tively.

Experiments to measure the epitax ial prof ile of a grooved
substrate by the capacitance-voltage technique , together with sequential

etching were planned , but were unfortunately not carried out because of

- 29 - 
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a lack of time . The development of the Mark VI VMOST dev ice was
therefore terminated at this point .

The fabrication masks of the Mark VI VMOST were used , however ,
for the processing of a number of top-source V?4JST devices to study the

low angle ( < 60°) evaporation and the feasibility of single metal (Al)

source/ga te con tacts . To ach ieve the low gate angle , the thickness of

the n F source ep itaxial  layer was increased to approximately 3 urn. The

results of this series of experiments are described in the next section .

4.1. 2 Mark VII I  Top-Source V-Groove and Low -Angle Evaporation
VM3ST Devices. Top-source V-Groove and conventional V?4DST devices

similar to those reported in the previous final report were successfully

fabricated and tested . Since the V-groove device did not have a trough

metal bus lying over the drain region , the n4 predep used in previous
V~4~ST geometries (e.g., Mark V VWST) was eliminated and a much

hi gher resistivity ( l0 15 cm 3) n layer was grown to minimize CGD and

CDS. This also ensured a rapid depletion of the n region wi th  drain
voltage during operation to enhance the RF gain of the device and

minimize the output nonlinearities . The result of the high n resistance

can be seen in the current-voltage characteristic of one such device in

in Figure 4.4a. The turn-on resistance of this device was over 4O~
which greatly reduced the available rf voltage swing of the device when

used as a power ampl if ier. As will be discussed in Section 5 , this
turn-on resistance is attributed to the space-charge resistance of the
n- region, and by increasing the concentration of this layer (Figure 4.5)

a substantial improvement of the drain characteristics was achieved, as

shown in Figures 4.4b and 4.4c .

The 0.9 cm gate periphery V-groove devices showed breakdown
voltages in excess of 25V , gate breakdown voltages of over 50V and
dc transconductances of approximately 80 mmho . These values are in good

agreement with the expected performance of the device.

Conventional low gate angle 1.76 cm gate width top-source

V~’K~ST devices with  hi gh n res is t iv i ty  also exhibited the same lar ge

- 33 -

_______ ~~~~~~~~~ -- -
~~~~~ ~~~~~~~~~~



(a)
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hi gh Ron
#37-2

(b)
higher n~ conc.lower R0~
#41-2

(c)
Same as (b)
#41-2
(5V/div)

Figure 4.4 I-V Charait~ ristics of V-Groove VMOST
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turn-on resistance problem. The current-voltage characteristics of

devices fabricated with both low and high n resistivity are shown in

Figure 4 .6 .  The breakdown voltages of these devices are in the range

of &0 volts and the dc transconductances were in excess of 200 niilli-mhos.

Capacitance-voltage measurements of both device types were

carried out at 1 MHz to determine the various parasitic capacitance

elements of the device. These are summarized in Table 4.1. Run 33-3

is a conventional 78° angle evaporated Mark V device included for com-

parison purposes. Run 4l-2A is the top-source V-groove design while

42-3 is a 60° evaporated all aluminum device. By using a more heavily

doped n region to reduce the turn-on resistance of the devices, the

drain-source breakdown voltage was also increased from near 20V for

run 33-3 to over 30V for V-groove run 41-2A , and over SOV for the 60°

conventional dev ice , run 42-3. This increased drain voltage capability

has resulted directly in higher output powers as will be seen later.

Note the relatively high CGD value of the V-groove device ,

41-2A , in the table. This shows 2.5 pF for 0.9 cm periphery (2.8 pF/cm)

compared to 3.3 pF for 1.76 cm periphery (1.9 pF/cm). When both drain

voltages were increased to 25V , the CGD values of both devices were

almost equivalent . The higher CGD at lower drain voltages was found to
lower the power gain of the V-groove device by several dB.

4.2 Microwave Evaluation

The V-groove and 60° angle top-source VMOST devices were bonded

on chip carriers, similar to those discussed in the last report, and

evaluated at microwave frequencies . The output power capability of the

V-groove Mark VII device is typically over 1W at I GHz with a drain

efficiency of 17% (Class A operation). The small signal gain was in

excess of 6 dB at this frequency .

In small signal S-parameter testing, the gain of the V-groove device

was heavily dependent on the drain voltage. At VDS = lSV , the device had

only 2 dB gain, while at 25V it increased to 7 dB. This gain dependence on

VDS is due to the slowly decreasing dependence of CGD with drain voltage in

-36 - 
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these devices , as shown in Figure  4.7. Since the intrinsic maximum

stable gain (MSG) of the device can be expressed as

gm + j
~ Cçj~

j w  CGD

it is eas~ to see the dependence of gain eith CGD.

The power output of a Mark V III device from run 41-2A is shown

in F i g ure 4 .8 at d r a i n  vo l tages  of 23V and 30V . Over 1 wat t  was achieved

at 30\ with 4 dB gain and 17% drain  e f f i c i ency . This corresponds to a
power-added ef f i c i e n cy  of on ly  10%. At 25V , the output power at the 4 dB

ga in  point was even lower ( 0 .5W )  and the dra in  e f f i c i ency  was 12 %.
N e v e r t h e l ess , these powers are the highest  known values for a V-groove

t . ~e ~‘lOSF d e v i c e  at 1 GUz .

The low power and efficiency of the V-groove device are clearl y

caused by the hi gh turn-on resistance ( ‘~ I3~) which limits t h e ava i l able

power triangle. With proper desi gn , t h e device j s  capable of producing

up to 3W if the turn-on resistance is down to 4~~, a s expected for t h i s
periphery.

Th us , a l t h ou gh t h e  gai n and power of the V-groove device were
lower than expected , it clearly demonstrates the potential of the (W)

V-groove technology in which oxide overhangs are used to limit the gate-

source overlap and extend the usable frequency range of V-groove devices

to above 1 GHz .

By comparison , low angle VMOST devices were found to produce

up t o  low of rf power at 1 GHz , and at a usefu l gain of 6 dB. The power-

added and d r a i n  ef f i c i e ncies were typicall y over 30%, and 50% respect ivel y ,

and the small si gnal gains were in excess of 10 dB. These results are

shown in Fi gure -1 .9.  For comparison the output power capability of a

conv en t i o n a l  Ma r k ‘. V’1OS~ device , # 34-3-7 , is shown in Figure 4 . 10.
The sm all si gnal gain of this dev i ce was over 13 dB; the power added and

drain effi ciencies were 33°, and 38% r e spec t i ve l y at the 4W output power

point .
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The one significant difference between the two devices in

Figures 4.9 and 4.10 is the drain voltage capabil i ty of the low ang le
VMOST design which has a breakdown voltage in excess of 50 volts. As
seen in Table 4.1 , this was achieved at the expense of a wider n drain

drift region (1.5 urn vs. 3 urn) and a correspondingly lower gain capability.

The results reported are typical performances, since small
signal power gains of up to 16 dB at 1 GHz were also observed in some

devices of the # 34-3 run series . Attempts were also made to increase

the drain operating voltage of the # 42-3-29 device to 35 volts with

only limited success. At this voltage , low frequency oscillations were

observed which limited the output power to 8W. The power gain at this

point was 9.5 dB, or nearly 2 dB higher than the corresponding gain
shown in Figure 4.9.
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5. DISCUSSION

5.1 Power-Frequency Performance

The work that has been carried out to date under Contract

N00014-74-C-0012 has shown that short gate (1-2 u r n ) ,  large periphery
(0.9-1.76 cm gate width) vertical channel enhancement mode MOS transistors

(VMOST ’s) can be fabricated in silicon with reasonably hi gh yields

C > 50%) to operate at frequencies up to 4.5 GHz . As such , these devices
have useful power gains at frequencies below 2 GHz for linear amplifier

applications. The turn-on resistance of the VMOST device (0.6 to 1 ohm

per unit cm gate periphery) is also significantly lower than any MOST

device available at present, and opens up the possibil ity of us ing the
transistor for switching applications where the absence of second break-

down is a distinct advantage, e.g., switching of inductive loads.

Much of the success of the VMOST device is due to the \TMOST

technology which utilizes oxide overhangs for masking during the gate

evaporation . In this manner the extrinsic device parasitics are kept to

a minimum without invoking small photographic dimensions. The

minimum device mask dimension for example is never below 3 urn.

The power levels that have been achieved by the various VMOST

geometries are state-of-the-art at 1 GHz (lOW) and 1.5 GHz (6W) respec-

tively. From a gain-product per unit periphery basis, these translate to
values of approximately 35 dB-W/cm and 11 dB-W/cm at the two frequencies.

Values as high as 45 dB-W/cm at 1 GHz have also been obtained in the

VMOST device discussed in the previous section, al though at a sl ight ly
lower power (8.2W) . By comparison , a value of 14 dB-W/cm has been

reported by Morita et al.(1) at 1 GHz for an n-channel planar depletion-

type Si MOST with a 2 cm gate periphery .

(1) y
~ Morita, H. Takahashi and M. Fukuta, IEEE Trans. Electron Devices ,
Nov . 1974, Vol. ED-2l , No. 11 , p. 733.
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5 .2  Processing Technology

In comparison with  other vertical channel technologies , more
specifically the V-groove VMOS technology, the Westinghouse VMOST tech-

nology at first appears to be more involved . This is only true of the

device geometry , not the processing steps, where the need for a metal
delineation of the source and gate contacts (such as required in VMOS
devices) has been eliminated . The source, gate , and drain contacts are

automat ical ly  defined in a single vacuum pump-down . Some of the problem
areas, however, are similar to both technologies , as illustrated in
Figure 5.1.

The gate-source overlap problem in the conventional V-groove

MOST has been eliminated to a large extent in the (W) VMOST. The problem

of gate-drain overlap in contrast is common to both since in practice this
will always exist , and in some cases it may even be necessary (see

Section 5.3). There is no need to etch delineate the gate and soi~rce

metal contacts in the VMOST device , as mentioned earlier , and the surface

morphology of the latter is excellent . Con siderable improvemen ts in the

V-groove surface morphology can be achieved however by using a 100% KO1-L
solution at room temperature , as shown in Figure 5.2. The principal

advantage of the anisotropic KOH etch is that it is self- limiting , i.e.,

the groove depth is uniformly defined by the initial mask opening . On the

other hand, some care must be exercised in the VMOST device to ensure the

correct etch depth and oxide undercutting for a given epitaxial profile.

Unfortunately, the potassium-based anisotropic etch solution is a serious

source of oxide contamination and modifications of normal processing

procedures may have to be made to overcome this problem .

Table 5.1 summarizes the results obtained from a detailed

study of the gate oxide contamination prob lem carried out during the

course of the (W) V-groove , Mark VII , VMOST dev ice developmen t . The

standard KOH:IPA etch solution was found to give rise to a striated etch

surface , Figure 5.2, and to a high densi ty  of oxide charge , Nox > 1012 cm 2.

:r io r  to gate  oxidat ion the surface was rinsed thoroughly  in DI , and

oxidized to a th ickness  of 200A . This oxide was then stripped and a new
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oxide grown to form the MOS gate insulator at a temperature between
950 to 1000°C. Following the gate metal deposition, the sample was

annealed at 400°C for 60 m m  in an H2 ambient , In all cases the results

were uniformly bad .

By going to a 100% KOH etch solution , followed by DI rinse,

pre-oxidation and strip, and finally a proprietary Wes tinghouse C3B
preclean procedure, Nox values as low as 1010 cmn 2 were obtained after
the 1-12 anneal. The results also indicate that the C3B Preclean is

almost mandatory to achieve low Nox values .

(The No~ values were determined by measuring the f latband
voltage shif t  of the MOS-gate capacitor after it has been subjected to
a thermal stress of + 1OV at 250 °C for 5 minutes . )

5.3 Model for Drain Resistance

The low voltage turn-on resistance of vertical channel MOST

devices appears to be dependent on a number of parameters : Ci) the

gate-drain metal overlap , (ii) the resistivity of the n drift region ,

and ( i i i)  the length of the dr if t  reg ion . In devices where punch -
t hrough of the n region occurs at a very low drain voltage , and where

the gate electrode overlap of the drain region is minimum , as in shallow
V-groove V?vt~ST devi ces , the turn-on resistance is anomalously high .
This was shown earlier in Figure 4 .4a. The high source-drain resistance
cannot be accounted for simply from a low voltage consideration of the

channel conductance and the remaining undepleted resistance of the n

region. Furthermore , the anomalous resistance is attributed to the

drain, since in Figures 4.4a and 4.4b the dc transconductances were
barely affected in both dev ices .

To account for this , a model is suggested for high power
vertical channel MOST devices in which the low voltage turn-on resistance

is due to space-charge effects in the n region , giving rise to a space-

charge resistance component , Rsc, which is series with the channel . The

value of R5~ may be approximated by the expression
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(L~ —6)
2

Rsc ‘~‘ 2C(W)c v (5. 1)

where W is the active length of each groove , Vsat is the saturated

carrier drift velocity , and L~ , 6, and t are as defined in Figure 5.3.

The width ~ is def ined by the effective width of the two
intersecting channels at the apex of the V-groove, as shown in Figure

5.3. An exact calculation of this width requires a numerical computer

solution of the field distribution in the apex region, which is beyond

the scope of the present work . In its place we have used the data from
a number of V-groove Mark VII runs in which the depth of the V-groove

had been varied to obtain the experimental turn-on resistances at

(VG-VT) = 20V given in Pigure 5.3. The concentrations of the n region
in all the runs were nominal ly below 1015 cm 3, and the effective n

thickness was approximately 2 urn. The concentration and length of the

p-region were maintained invariant in each case, at least within exper-

imental means .

If we assume in the model that the total source-drain resist-

ance before current saturation is given by the expression

= R
C{~~) 

+ R
OLf~~

-
~ 

+ R
sc[~} 

(5.2)

where Rc is the active gate channel resistance ; ROL is the extended
channel res istance due to the gate overlap of the n region; R

~c 
is the

space charge res istance g iven by Eq. (5.1); and N is the number of
V-grooves in the device ; then 

-

= C + A6 + B(L~_6)
2 (5. 3)

since Rc is independent of 6, and

1 1 6 1ROL ~N - 

~N sin 54.7~ W NCi (VG) 
• (5 . 4 )
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Thus, from Eq. (5.4), (5.3), and (5.1),

1 1 1A = 

~~ sin 54.7 W~j C.Vn i G

1
— N 2CWc 5V (5.5)

Using Eq. (5.3) and the experimental data points of Figure 5.3, an
approximate fit was obtained which showed reasonably good agreement,

especially at large 6 values . The discrepancy at very low ~5 values ,
e. g . ,  6 = 0.1 ~imn , is probably due to discrepancies in depth measurements.

It is also possible that the higher turn-on resistance of the 6 = 0.1 urn

point may in fact be actually due to an insufficient etch depth, i.e.,
the groove has ~ot penetrated completely past the p-region. This

results in an additional resistance because of a non-inverted or lightly

inverted p-layer adjacent to the channel under the V-groove apex. The

numerical values of the A , B, and C constants are: A = 6 ohm/urn,

B = 12 ohm/urn2, and C = 2 ohm . These coefficients imply an effective

active channel mobility of 360 cm2/v-s and an effective width C of

approximately 0.9 urn , both of which are fairly reasonable from very

simple considerations of device physics .

In formulating this simple model to explain the turn-on

resistance problem in V?.~DST-type devices , a number of approximations

were made . These are explained in Figure 5.4. The longitudinal Cx)

field distribution at low drain voltages (2 < V0 < VDsat) for very low
n concentration is assumed to be as shown in Figure 5.4b. Essentially

all the voltage drop is see s~ to take place in the region (L
n
_ 6) and

E (x) > Ecri t (the critical field required for electron drift velocity

saturation, ‘~~ i0~ v/cm). This punch-through situation will take place
for V0 = 2v if n is less than 6 x 1O~~ cm 3 and = 2 urn. Under this

condition the space charge effect analyzed earlier is fairly well pro-

nounced .

- 52 

- -



- -

Curve 691167—A
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Since RSC (L-6), the obvious solutions to minimize this

effe ct are to reduce or increase 6. Both solutions , however, are at
the expense of breakdown voltage and increased gate-drain capacitance.

A better solution to this problem is to increase the n- concentration ,

so that at low drain voltages the n region is not completely punched -

through, as shown in Figure 5.4c. For an n concentration of

3 x 10 15 cm 3 , for example , L~ is only 0.9 urn.  This reduces Rsc by
almos t a factor of 5, as seen earlier in Section 4.1.2 and in Figure
5.3. The undepleted (L~-L) region , however , will give rise to another
drain resistance component which can be minimized by allowing the n - n ~
interface to be slightly graded , as shown in Figure 4.5 earlier . This

solution also has another unwanted effect, in that the output drain

capacitance is now voltage dependent at low voltages . Consequently,

the linearity of the device is expected to deteriorate, and some com-

promise solution between power and linearity has to be established

during the design stage.

5.4 VMOST Breakdown Voltage

The concentration of the n region also appears to have an
effect on the breakdown capability of VMOST devices with the top-source

geometry , as shown in Figure 5.5. For low n concentrations there are

two distinct regions of breakdown behavior characterized by the width

of the n region. In region I , VBI is independent of Ln and the mecha-
nism for breakdown may be attributed to electron-hole multiplication and

hole injection into the p-base region resulting in a “snap-back” type

current-voltage breakdown characteristic. 
(2)

Breakdown in region II is attributed to normal avalanche
breakdown in the drain region when the field has exceeded the ionization

field. Because of this , V82 is dependent directly on Ln •

By increasing the n concentration to ~ 4 x 10
15 cmn 3 , the

breakdown voltage was seen to increase by almost a factor of 2. A

(2) 
Kennedy et al ., IEDM Proceedings , 1974 .
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Curve 656011-A
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quantitative model for this behavior has not been developed, and should - ,

constitute one of the bas is for future development work. -

-57 - 

- 



6. CONCLUS ION

During this period two new VMCST geometries , Mark VI and

Mark VI I , were designed and studied with, unfortunately,  limited success.
The work planned was more ambitious than had originally been envisaged,

due primarily to problems of evaluation , oxide contamination, and
device design . These problems , however, were unexpected and much
effort was expended in modelling and understanding the various

observed behaviors. The results provided considerable insights into

oxide contamination arising from KOH etching, and the dependence of
turn-on resistance on gate-drain metal overlap and n concentration .

Further improvements in device power performance were also

achieved with refinements in low angle evaporation of top-source V?4~ST
devices. The marked increase in breakdown voltage obtained with higher
n- concentration devices has allowed the achievement of up to lOW of

output power with high gain at 1 GHz.

The frequency-power capabilities of VMOST devices developed

during the course of this program have still not been exceeded by any

other silicon MOST devices. To achieve these levels of performance

required a systematic optimization of the various device parameters.

as characterized by Table 6.1. The input, feedback , and output capaci-

tances, for example, are far superior to other devices and are a
reflection of what has to be achieved in order to obtain high frequency

performance .

Of the three basic top-source types of VMOST devices which

were developed to completion , the high-angle (780) transistor gave the

highest frequency performance 
~
‘max > 4 GHz). The highest power output

was achieved with the low angle (60°) device , and the lowest parasitic
capacitances with the V-groove VMOST (Table 6.1). The salient points

of each device are shown in Table 6.2. In short, depending on the appli-
cation and frequency requirements , a different design may be necessary .
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7. RECOMMENDATIONS FOR FUTURE WORK

Even at the conclusion of this program a number of improve-
ments in device design can still be made , some of which are obvious,
e.g., minimization of slit width dimensions from present 3-4 pin design

rules to below 2 pm ; optimization of n concentration and width; and

the introduction of differential oxide growths in V-groove devices .

Furthermore , the problem of profi le evaluation in back-f i l led epitaxy
for Mark VI VMOST designs remains yet unsolved.

Two main areas of research and development appear to be the
most fruitful for future work . The first is the size of the VMOST
device that can be practically realized with good yie ld .  Devices with
3 to 5 times the present gate periphery (1.7 cm) appear to be feasible
with today ’s technology , to yield up to lOA of th-ain current and trans-
conductances approaching 1 mho. A single transistor cell of this kind

wil l  hav e a peak dc power capability of nearly 500W , and should be
capable of delivering up to SOW at 1 GI-Iz .

Another area of interest is the study of breakdown behavior

in various vertical channel MOS transistor designs as related to their

power and frequency performance . Much of this area remains untouched
today .
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