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CHAPTERI
INTRODUCTION

Tradltlonally blpolar transistors have monocrystallme emltters that are

'contacted by ‘metal, usually aluminum. However, the current’ gam of

conventlonal BJTs does not reach the highest values predicted by theory o

ThlS is - due to the high doplng effects Wthh limit the emltter mJectlon‘
:efﬁclency and/or high minority carrier recombination i in the emitter [1]

,‘ Slllcon blpolar technology has reached a state of advancement that the |
dev1ce characteristics and circuit performance are not only determlned by o
_the doplng proﬁles but also by the emitter contact technology. In the last

few years polycrystallme silicon has been used mcreasmgly as the emltterv

contactmg materlal Polysilicon contacted devices have made it poss:ble to

achxeve much greater emitter 1nJect10n eﬁic:encles, and possess the ability to
| ‘greatly mcrease the current galn at a given base 1mpur1ty dopmg
concentratxon : AR o

The performance of bipolar transistors has been con31derably enhanced
‘ by the use. ‘of polysilicon as both a diffusion source and a contact for shallow
emitter devrces Improvements in packing density and sw:tchlng speed have
resulted - from - the self-aligned structure [2], which has reduced device
~ parasitics, ‘and the lower base current as compared to metal contacted
’»shallow emltter dev1ces With a lower base current, the base doplng level
‘can be increased to reduce the intrinsic base: resistance thhout sacrlﬁclngi
~ the’ current gain of the original device [3] Several researchers have.
: .1nvest1gated enhanced gains in polys:llcon emitter devxces, suggested various.
models to explam their operations, fabricated devices, and obtained good“"
: results. However, none of them reported reproducible devwes or data from‘
‘ the devices they made in terms of beta ‘variability.

The. obJectlve of this thes1s lies not only in demonstratlng that -
polysilicon - emitter - ‘transistors ‘have hlgher current gains than . the
_ conventional - shallow ermtter aluminum <contacted devices but also in
rshowmg that the polysilicon emitter devices can be manufactured in a -




consistently reproducible manner.

In fabricating n*pn transistor’s, either arsenic or phosphorus can’ be"
used as the dopant for the emitter region in monocrystalline silicon and for
the polysilicon contact. Arsenic was chosen for our process due to the
- superior shallow doping profile that could be obtained. The shallow emitter
was formed in the monocrystalllne substrate before the polysxhcon was
deposited on that region to make a polysilicon contact, which is. also doped
with atsenic. The emitter is then composed of both a monocrystal]lne »and
,polycrystalllne region. ‘ ' L

The base currents of these shallow emitter dev1ces are controlled by the
material ;which is polysilicon contacting the emitter, and the interface
between the contactlng material and the emitter region under the contact.
There are three major dlﬂerent theories proposed to explain the
1mprovement in emitter injection efficiency and hence beta of polysilicon"
contacted transistors. These theories and a model of the conductlon
mechamsms in polysﬂlcon are’ discussed in chapter IL S

Polysﬂlcon emitter contacted bipolar transistors were fabrlcated by the
1ntroductlon of two extra masking steps into an existing four mask
conventlonal shallow emitter bipolar process excluding isolation. The ‘basic
_process and process development are discussed in chapter III Before devices
could be fabricated it was necessary to predict the device perforrnance from :
the proposed fabrication sequence The process srmu]ators SUPREM 1I and
- SUPREM III have been useful in the design and optlmlzatlon of integrated
circuit technologles SUPREM 11, however, does not model structures that
utilize polysﬂlcon SUPREM III, on the other hand, is an 1mproved process
‘s1mulator that can model up to five material layers, 1nclud1ng polysilicon,
and was avallable in the Enginnering Computer Network at Purdue
University. Using SUPREM III, the proposed bipolar Junctlon transxstor
(BJT) structure was modeled and -optimized with the ex1st1ng nnplants,'

- oxidations, _and design rules. The program has predicted that an acceptable

profile can be obtained by varying those parameters. This is also include'd in
chapter III Other processes ‘that were performed for the purpose of
developing the polysilicon emitter contacted devices are. descrlbed Thelr :
.icharacterlstlcs are explalned and compared with the test results. :

‘Basic electrlcal measurements were made on both conventlonal devrces'
and polysxhcon emitter contacted devices that were fabricated in the same
wafer and condltlons except for the polysilicon contact part Malnly



enhanced current gain 1n the po]y51]1con emltter contacted devices, the
deviation in the current gain values, and resistance values for the contacts .
over  numerous  devices are used as the evaluatmg criteria. © The
»measurement method and results of measurements are dlscussed in chapter

»IV Conclusmns and recommendatlons are made in chapter V )




CHAPTER II
LITERATURE REVIEW

2.1 VI:ntrOduction

‘ The performance of bipolar transistor has been consxderably 1mproved
' by the use of polysilicon either as an impurity diffusion source for the
emitter itself or as a contact for the shallow emitter of a conventional
transistor [3]. Improvements in packing densxty and switching speed or
current. galn can be achieved compared to metal contacted devices. The use
of polysﬂlcon as a diffusion source for the emitter leads to the self—ahgned
structure, which reduces device parasmcs and the device feature size.

A higher gain can be achieved, by the use of the polysrhcon as a
contact for the shallow emitter, due to a reduction in base current, which in
turn is a result of improved emitter injection efficiency. Also, with a lower
base current the base doping level can be increased to reduce the intrinsic
base resnstance without sacrificing the current gain of the devnce, SO that
sthchlng speed can be enhanced. Minimum ECL gate delays as low as 73ps
have been reported for the polysilicon self-aligned structure [4]. The
mechanism that contributes to the lower base current, or the hrgher current
gain, with polysilicon emitter contacts are explained in this chapter.

2.2 Current Flow and Emitter Injection Efficiency

~ This section pertains to the monocrystalllne emitter and base regions
and follows conventional analysis for uniform doping and low level injection.

An investigation of the mechanisins that cause base current to flow is
fundamental in understanding the operation of bipolar transistors. An
understanding of the components of the base current is required in order to
understand how the presence of the polysilicon contact and the interface
layer between monocrystalline and polycrystalline regions of the emitter
affect those components resulting to the higher current gain of the



polysilicon contacted emitter devices.

The base currents of the conventional npn bipolar transistor mainly‘
consists of three components: ‘

1) recombination current in the base region, I g - I,¢
2) recombination current in the emitter base depletion region, Le

3) recomblnatlon current in the quasi-neutral emitter region, IpE

For state-of-the-art transistors, the base width is very small and hence
the recombination current in the base region(#1) can be neglected. This is
due to the fact that most carriers(electrons) that are injected from the
emitter travel through the base region without recombining provided the
base width is much less than the minority carrier diffusion length. The
- second component(Irg) dominates at very low injection levels and depends on
the emitter base depletion layer width and the bulk recombination rates for
carriers in the depletion region The third component(I pE) is mainly
determined by the doping level in the emitter, by band gap reduction effects,
and by the minority carrier (hole) lifetime in the emitter. In shallow emitter
transistors, emitter minority carrier recombination can be neglected, when
the emitter depth is so shallow that it is much shorter than ‘the minority
carrier diffusion length. In this case most minority carriers would penetrate
through the emitter and recombine at the metal contact. Therefore, the
surface (i.e., contact) recombination current plays an important role for
shallow emitter transistors [5]. The current I g is now dependent on the
emitter depth and not the minority carrier diffusion length. The base
current components are shown in Figure 2.1.

An 1mportant performance parameter in the analysis of a bipolar
tran31stor is the emitter injection efﬁclency, ~. This measures the injected
electron current compared to total emitter current for an n *pn transistor. It
measures the effectiveness of the emitter-base junction in 1n3ect1ng electrons
from the emitter into the base. Equation (2.1) is the definition of fy

InE InE R
N = = . 2.1
Ig ILg+ IpE + Irg _ ( )

At very low collector currents, the contribution of the recomblnatlon-_
generation current in the emitter-base depletion region may be large
compared with the useful diffusion current of minority carriers across the
base, so that the emitter injection efficiency is low. By minimizing the bulk
traps in the emitter-base depletion region, the recombination-generation |



Electron flux

‘H ole flux

‘)

T I ZIZIZZZ I I T XXX T X

o
'} o5
| )} A
N e el B Tt
L
+
ot |
_ y X L -
T~ \
“ i ]
| +
ST T R
b3 W |
nm_ [ m
-~
_\\Y - \
4 : y
| m +.
l
]I.“‘Il
.,
—-1 a -l
A i
ﬂu-
]| 2
l ]
PSS

Current components of conventional n*pn bipolar transistor.

Figure 2.1



current can be reduced. At large collector currents, I, can be‘neg'lected.
Therefore, equation (2.1) can be approximated by equation (2.2). '

I 1 '
y = nE - nE v o (.2'2)‘
Ig  Lep+Irp - :

It should be noted that < gets close to unity as I g approaches z€ro; '
that is, as the emitter is more heavily doped, I, becomes a smaller
percentage of Iy (similar to the n*-p diode current components). In actual
n*pn bipolar transistors, the departure from unity results from the
recombination of holes injected from the base into the emitter. It can be
recognized in equation (2.32) assuming uniform doping, :

_ Ly  Dgngy/W
Iy Dpgng 4 DgPEo
W Lg
= 1 H VCB = : (2.35)
De Pro W ' B
- Dp npy Lg L

,where Dg and Dg are the minority carrier diffusion coefficients in the
emitter ‘and base respectively; Ppo and npy are the thermal equilibrium
minority carrier concentrations in the emitter and base respectively; and W
and Lg are the quasi-neutral base width and the minority carrier diffusion
length in the emitter. In equation (2.3a) as pgg is made much less than ngg,
by doping the emitter, Npyp™>>N,g, then -y approaches unity. Also, W<<Lg
helps -y approach unity. v v v

In order to reduce device parasitics and side wall injection effects,
shallow emitters were introduced. In very shallow emitter, Ly is replaced by
Wg, the emitter depth, as shown in equation (2.3b). Now W is much smaller
than Wy, and in fact they are of comparable size. Equation (2.3b) points out
that <y is reduced, hence the beta is reduced. | )



= - {2.3b)
Dg Pro W - :

1 —_———

Dp ngy Wg

_ There is another important performance parameter in the analy51s of a’
'blpolar trans1stor That is a base transport factor, oy, which is defined as
the ratio of the electron current diffusing into the collector to the electron
current injected at the base-emitter junction in a n* pn transistor. In a well
'fabrlcated device, which has the base width less than one tenth of the
minority carrier diffusion length, oy approaches unity. Therefore, the current -
gain'is controlled almost entirely by the emitter injection efficiency.

 In actual n*pn transistors, at reasonable currents, the departure from
onity of 7 results from the recombination of holes injected from the base
into the emitter. It is obvious that an improvement in current gam can be
achieved by a reduction in this back-injected base current. The use of a
heavnly doped polysilicon layer either as a diffusion source for the emltter or.
as a contact to-a monocrystalline emitter region increases the current gam
by reducmg the back-injected current component. There is, however, some
controversy as to how exactly this is brought about. It will be discussed in
the follownng sectlons

2.3 C‘onduzction Mechanism of Polysilicon Emitter

A coﬁtroversy exists regarding the mechanisms that contribute to.the
lower base current with polysilicon emitter contacts. A variety of theoretical
models have been proposed to explain the enhanced betas of polysilicon
emltter trans1stors, and those are broadly of two types.

“The first is a tunneling model[6] that explains the improved gain in
terms of tunneling through a thin interfacial oxide layer. The second type of
model explains the improved gains in terms of the transport properties of the
polysilicon, Ning and Issac[2] showed that a factor of approximately three
iinptdi/elﬁeflt in gain was obtained when the shallow emitter was contacted
via a polysxllcon layer, and this was explained by a lower moblhty in the
polysilicon. These two models and other related mechanisms are 1nvest1gated
in the followwg sections. o : :




.2.3.1 Tunneling Theory with Thin Interface Layers

The tunneling model through a thin oxide was originally proposed by De
Graafl and De Groot[6] and later improved by Eltoukhy and Roulston|5].
Recently Van Halen and Pulfrey[7] have gone so far as to demonstrate that
devices with an oxide interface layer can be modeled in exactly the same
way as metal-insulator-semiconductor tunnel devices. ’

‘The theoretical model of De Graafl and De Groot assumes direct
tunneling of both majority and minority carriers through the 1nterfac1al
layer and band bending at its interface. This model explains the increase in
emitter mJectlon efficiency, based on the presence of a thin interfacial layer
between the monocrystalline and polycrystalline regions, with the quantum
mechanical tunneling of the carriers through the interfacial layer which
generally consists of oxidized silicon, preferably 20 to 30A thick. The oxide _
layer must be as close as possnble to emitter-base junction in this model.
Otherwise, it will only increase the device resistance.” To obtain a hlgher‘
emitter injection efficiency in an n *pn transistor the tunneling probablllty
for holes should be low. To avoid a large extra voltage drop across the
interfacial layer which is more or less msulatmg, the tunneling probablllty
for electrons should not be too low [6]. The significance of this is that the
base current is suppressed, but the emitter current is not.

ThlS model assumes that the impedance of the interfacial layer for holes
is large and that the hole current is determined by this 1mpedance It also.
assumes the minority carrier injection at the monocrystalline p-nt Junctlon,
and that the tunneling model is not sensitive to the propertles of the
polycrystallme layer. This last assumption is true only when the mterfacna]
layer or oxidized silicon is on the order of 20 to 30A thick. If the oxnde is
extremely thin, less than 15A, then the impedance of the oxide for holes is
very small and the polysilicon layer plays an important role in determlmng
the base current. On the other hand, if the oxide is thick enough greater
than 60A, then the injected holes cannot tunnel through the oxide and a
build-up of positive charge under the oxide takes place with concomxtant
increase in the voltage drop across the insulator. Electrons, however, have
hxgher tunnehng probability than holes and less effects will occur ‘in the
-electron tunnellng But if the oxide becomes very thick, electrons will also
be blocked In this case, the emitter-base Junctlon is almost zero blased andv |
‘the device behaves as an open circuit [5] | ‘ b
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The transistors with an interfacial layer fabrlcated by Graul et al[8]_
showed gains which were approximately seven times  higher than
conventlonal transistors. The use of intentional chemically grown ox1de
mterface as a tunneling barrier to hole injection has been shown to give the '
lowest base current. However, its use significantly degrades the high
fre:quen_cyv performance capability of the devices by increasing the ‘emitter
'resistance' by an order of magnitude with respect to oxide-free ‘interfaces,
1ncreases the low current leakage and reduces control of the emitter profile
as the polysilicon is used as an impurity diffusion source [9, 10] These
devices also showed nonideal I-V characteristics and an unusual temperature
dependence of the current gain. It is also difficult to achieve precise control
of the thickness of the interfacial oxide layer and thus dlfﬁcult to get dev1ces
w1th predictable characteristics [11].

_ More recently, a conduction mechanism was suggested by H. Schaber,
B. Benna, L. Treltlnger, and A. W. Wieder [12]. According to thls model
the emitter current is emitted by a combined thermal emission and tunnellng‘
mechanxsm across an interface barrier of ¢y =~ 0.8V in the conduction band.
The base current flows via tunnehng and recombination at the 1nterface.
traps The overall mechamsm is summarized as in Fxgure 2.2. ' ‘

232 Tr-a.nsport Proper-ties of Polysilicon Emitter

The model to be discussed was orlglnally proposed by Ning and Issac[2]
and other authors[13,14] have refined this model and incorporated more
detailed descriptions of the polysilicon structure. Neugroschel et al.[15] have -
suggested that the transport properties vary across the polysilicon, with the
gain being controlled by a hlghly disordered layer within approximately 100A
of the interface.

Nlng and Issac[2] attributed the improvement of the current gain to.
minority carrier transport in the bulk of the polysilicon layer itself. The
polysil}iic'on would extend the effective length of the emitter, while thev_]ow
* minority g‘arrier mobility in the polysilicon would retard the tr‘ansp{}rt of
injected minority carriers. Neugroschel et al.[15] have shown that a
reduction in base current is obtained, compared to devices with metal
contacts, only if arsenic is segregated to the polysilicon/monosilicon
~ interface. In addition, they suggested that minority carrier transport is -
dominated by a 200~300A highly disordered layer at the interface. This
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Figure 2.2 Energy band diagram at different forward bias: (a) “classical”
. transistor behavior, (b) thermionic emission and thermionic
field emission, and (c) direct tunneling through interfacial

‘Jayer. From Ref. 12. . '
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reglon, if it exlsted wou]d be charactenzed by a very low mlnorlty carrler
mobility. ‘

Ning and Issac[2] demonstrated experimentally that the current gain
"improvements are related to the transport of minority carriers in:the heavi]y
- doped polysilicon. They fabricated polysilicon contacted emitter transistors
which  have no  intentional interfacial oxide layer between _the '
monocrystalhne and polycrystalline regions. They concluded that the current
'gam enhancement is not determined by the polysilicon /monosilicon interface
-propertx_gs, e.g., tunnelmg through an interfacial layer, but by the transport -
of ‘holes -in the n™ polysilicon layer. A simple two-region (n* monosilicon
region and n” polysilicon region) model is presented'which satisfactorily
explains the expenmental results in terms of lower hole mobility in the nt
polysﬂlcon than i in the n" monocrystalline silicon.

The two-region model for a shallow monocrystalline emitter with an n+
- polysilicon contact is schematically illustrated in Figure 2.3. If ‘the
monocrystalline emitter is contacted. by metal at W,;, the concentration
gradient will be very neaﬁly linear with x because the emitter is short with
respect to the' diffusion length of the injected holes. All ‘injected
- ‘carrlers(holes) from base are forced to recombined at the ohmic contact and
the hole. ‘concentration for this case is represented by the dotted line. Smce
the hole current is linearly related to the minority carrier concentration
gradlent as shown in equation (2.4) [16], a steep gradient requires more holes
_ to be lnjected from the base and this implies a large base current.

o Igp(WitWy) = qADET =W+W

q “E QVBFJ kT
= -1
W2 PEo(e )

(2.4)

- If the monosilicon emitter is contacted with polysilicon instead of metal,
a dlﬁerent concentration gradient results in the monocrystalline region due
to a new boundary condition at W,. The gradient is less steep in the
monocrystalhne silicon as shown in Figure 2.3. because the carriers are not
forced to recombine at the ohmic contact once they traveled through the
-‘monoci'ystalline region. Assuming a ’conﬁinuous concentration at W,, the
holes from the base continue to diffuse over a longer region, namely Region 1
and-Region 2, before they are forced to recombine at the ohmic contact. -
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Figure 2.3 = Schematic 1llustratlon of the two-region model for shallow
‘emitter with n* polysilicon contact. :
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1This Cis  true if - there is no trapping sites or -defects at “the
'po]ysmcon/monosrllcon interface. The gradient in the polysrhcon may bei
much steeper than in the monocrystalline region since the average mlnorlty
carrler hfetlme in polysilicon is much lower than similarly doped monosrllcon B
ThlS is attrlbuted to the fact that the grain boundarles of polysrllcon can’
act as recomblnatlon centers or trapplng sites [17].. Even though the steeper
hole gradlent of Region 1 must be supported, the base current for the entire
structure is lower than the metal contacted shallow emitter case because the
’holes can dlﬂuse longer. -In other words, fewer holes are needed from the
base to support the concentration gradients of the combined Region 1 and 2 .
of the emitter. The hole concentration gradient in Reglon 2 depends on the
surface recombination at the polysilicon /monosilicon -interface. ngher the
surface recomblnatlon rate is, steeper the hole concentratlon gradlent m
Reglon 21 1s ‘

The two-reglon mode] that has been used to- explaln the reductlon in
base current is in agreement with expenment results that show holes havnng'
lower moblhty in the n* polysilicon than in the n* monocrystalline silicon
,[18] This model also shows a dependence of the hole current on the
polysﬂlcon ‘thickness. As the thickness increases, the reduction in base
current is 1mproved However, the improvement levels off once the polys1llcon ,
thlckness increases beyond some point. It is found that the optlmal thlckness |
of the polysrhcon is 450~900A [19] because of added reSIStance for thxcker'
polysrhcon layer and low minority carrier moblllty in it. :

' Even though this two-region model satisfactorily explains the enhanced ‘
current gain in terms of lower hole moblhty, it seems to be oversunpllﬁed
without including effects such as a possible energy .ban_dgap. difference, a

“doping concentration difference between the n™ monosilicon and the n+
~ polysilicon, and posmble hole recomblnatlon at the polysrhcon/monosrhcon,

: mterface [2] '

2.3.3 Mmorlty Carrier Injection into Polysilicon Contact

‘The most recent analysis concerning the ‘physics of ‘rninori'ty carrier .
: injectidn _into »pOIysiIicon contacted emitters was presented by Pattcn' et
al.[3). Through a series of experiments they correlated the base current to
the structure of the polysilicon/monds"‘iTicon interface. This - work
concentrated on devices with a "clean” polysﬂlcon/monosﬂlcon lnterface, i.e.,
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dev1ces glven a BHF- d1p etch prior to the polys111con deposmon to mlmmlze :
any. oxxde contamination. A]though the chemical composition and structure_ :
of the polysx]ncon/monoslhcon interface and _polysilicon grain’ boundaries are
'now bocommg better understood, the local atomic arrangement and the
'-'vnature of the chemical bonds in these regions are not known It has been'
:reahzed that this limits the poss1b1ht1es of doing realistic modellng based on’
~‘the propertles of these regions. In any one device, it is possible that some
'reglons may ‘be controlled by tunnellng through the native ox1de layer whllef'{

“other reglons, where the ox1de has become d1scont1nuous, are controlled by’;

other mechamsms

o A novel approach was taken in the modelmg of transport in emltters to
,,quantlfy the minority carrier blockmg properties of the polysﬂlcon contacts
Their approach did not require assumptlons about the interface- and grain
vboundary properties. From a solution of the mmorlty carrier - transport
equatlons, ‘the relative 1mportance of transport, surface recomblnatlon, and ’
bulk recomblnatlon of minority carriers in the devices were. identified’ {3]

fFrom those results, the relative importance of- ‘the polysﬂlcon/monosﬂlcon
'1nterface and of the polys1hcon graln boundaries in. 1nﬂuenc1ng mlnorlty‘
~carrier 1nJect10n into the emitters were determined. For the comparlson of :

the dev1ces fabricated - under different = conditions, only the base current_‘f

characterlstlcs could be used. Recombination in the base-emitter depletlon‘
‘reglon and series resistance eﬂ'ects can be subtracted from the’ base current’d
' characterlstlcs by using a- curve ﬁttlng technlque as illustrated in Flgure 2 4 '
What remalns is the component ‘due to mlnorlty carrier 1nJect10n 1nto the ’
emitter. : , g

All of the physws of mlnorlty carrier mjectlon lies in the constant Ibs”
' whlch is in the equation listed on Flgure 2.4. However, Iy, has both an area
’ and a perlmeter component the latter belng difficult to model For large

'dev1ces (w1th emitter dimensions of 200y x 2004, the area component can be o

vextracted d1rectly from Iy, and is known as J, the emitter saturatlon’ g
current densrty When Joe i8 extracted for all devices, this parameter 1s used‘, |
- to” study mlnorlty ‘carrier. injection into the polysilicon contacted emltter
The extractlon of Joe from the base current characteristics of the dev1ces,
‘ prov1des a dlrect measure of mlnorlty carrier 1n_]ect10n into the emltter as a
, 'functlon of the various processing parameters. There: are several factors'f
whlch determlne the value of Joe recomblnatlon in the s1ngle crystal s111con.'

' emltter, the transport of mlnorlty carrlers ‘across the monosrhcon emltter ' }
o reglon to the contact and. recomblnatlon at. the contact In the case of a.
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Figure 2.4 = Gummel plot of a polysilicon-contacted device which 1lld5£rates ‘
the extension of Joey the emitter saturation current densxty,
from the base current characteristics. From Ref. 3. -
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' polysﬂxcon contact, - recombination = can occur  both "f_at_ - the
polysmcon/monosxhcon interface and in the polysilicon layer itself. However,v :
if minority - carriers are blocked from entering the polys111con by an
interfacial oxide layer, as suggested by De Graaff and De Groot [6] then the
contact recombination will mainly occur at the interface.

As - the processing:  conditions are varied, both' the
polysﬂlcon/monosﬂlcon interface and the characteristics of the polys111con
~ contact will change. This means that the relative contributions of bulk
: recombmatlon bulk transport, and contact recombination in determlmng Joe o
‘will vary. To exact quantitative information about the electrical propertles
of the contact alone, recombination and transport effects in the single -
crystal silicon must be removed from the analysis. This can be accomplished
by solv1ng ‘the minority carrier ‘transport equations for the single crystal -
silicon portlon of the emltter For this procedure, the techmque of del Alamo
and Swanson [20] was used. From the measured values of Jo. (whlch can be
extracted by using the methods shown in Flgure 2.4) and emltter dopmg _
proﬁles, the hole current, Jp(x) and the separation of the qua31-Ferm1 levels, :
V'(x), can be determined at any point in the monocrystalline portlon ‘of the
emitters, as illustrated in Figure 2.5. These distributions establish the
relative importance of recombination and transport in the monocrystalllne,
, emltter and of recomblnatlon at the polysilicon /monosilicon lnterface

Recomblnatlon at and in a contact is typlcally characterlzed by the--r_..

lumped pararneter, Spy - which s ‘defined as the effective recomblnatlon"_ |

veloclty of minority carriers at the contact The followmg relatlonshlp ex1sts
for the hole current at the 1nterface (x—WE) '

| J'p(\NE) '='qu(p-—;p0) lx =Wg

VWg | i |

= qupo(WE) ‘

Where po(x) is the equilibrium hole concentration. The extractlon of S from |
equation (2 5) is extremely inaccurate because po(WE) must be evaluated_
usmg the expressmn ' SRR
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Figure 2.5 With the measured value of J,, and the emitter doping profile,
the minority carrier transport equations will yield the hole
current, J,(x), and the separation of the quasi-Fermi levels,
V(x), at any point in the monocrystalline portion of the
emitter. The edge of the base-emitter depletion region on the
emitter side is at x = 0, the original polysilicon/monosilicon
interface at x = Wp, and the polysilicon/metal interface i at x
= Wg + W,,. From Ref. 3.
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-9
o

Np(WE)

Po(Wg) = exp

AE2PP (W) ]

— @)

where n;; is the intrinsic carrier concentration for undoped silicon and AEPP
is the apparent bandgap shrinkage. Evaluating equation (2.6) requires an
accurate knowledge of the relationship between bandgap narrowmg and
doping. - | o

However, the dependence on the bandgap narrowing in equatlon (2. 5)--
can be removed by charactenzmg the contact by the product of po(Wg) and
S, as given in the expression

v Jos = quPO(WE) . : (2'7)

where J, is defined as the surface or contact saturation current density [20].
A parallelism exists between J,, which is the saturation current density at
the junction, and J,, which is defined at the polys1hcon/monosrhcon ‘
interface. This is illustrated in the following relationships for ‘the hole
current and potential at the junction (x=0) and at the interface (x=Wg):.

kT

Jp(b) = Joe M)_‘_ 1] ‘(2'8)

._@_u] 29

An additional advantage of using Jos is that it can be compared dlrectly
to Joe in order to determine if the recombination or transport of minority
carrier in the single crystal silicon emitter are influencing the base. current
For certain values of Jg, recomblnatlon and transport effects in the bulk or
monosilicon portion of the emitter are negligible. In these cases, the device is
limited by surface recombination and J, and J, are approximately equal.
When the surface recombination rate is low (i.e., when J, is small),
~ recombination in the bulk may be an appreciable part of the hole current
injected into the emitter. As a result, J, will be greater than J.
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'Alternatlve]y, when the recombination rate at the contact is hlgh as 1n the
‘case of metal contact, the transport of minority carriers to the contact ma.y :
limit recombination there. As a result, J,, would be limited to a value that
is lower than J . ' L

_ Increased arsenic penetfation. into the monosilicon region increases bulk _
frecoml-)inati'on and adds to the barrier for minerity carrier transport :When
bulk recomblna,tlon is a significant factor, J,, will increase as a result of
additional arsenic penetration. In this case, if J,, were used to study
changes in the electrical properties of the contact with processmg
parameters, the increase in J, might be incorrectly interpreted as an
increase in contact recombination. Alternatively, when recombination at the
contact is limited by the transport of minority carriers in the monosilicon
emitter; the opposite effect also can occur: an increase in the recombinatibn
rate at the contact may not be fully reflected by an increase in J .. In this
case, if J, were used to study changes in the characteristics of the contacts, '
. these changes would be underestimated. ! B

Tt is clear from the above discussion that _Jos'is the best para;‘m‘e‘ter for -

characterizing the electrical properties of a contact. However, thev"prei"'ious
discussion also illustrates that the contact is only one of three factors which
affect the ‘injection of holes into an emitter. Since Joe is a direct measnre‘Of'
the injected hole current, J, is the relevant parameter for studyi‘ng‘ the
behavior of a device. To put the Joe value in perspective, they have been
~ compared to simulations of the two alternative contacting schemes [3].

~ In the simulation, the minority carrier transport equations are solved
for the single crystal silicon portion of the emitter, except that the
polysilicon ‘contact has been assumed to be replaced by metal. With a metal
contact, V(Wg) in Figure 2.5 is zero. With this boundary condition and
emitter doping profile, '._Ip(x){,_‘and V(x) can be determined at all other points
in the monocrystalline emitter. From this new solution, J, can be
“calculated’ for the metal contacted structure. The difference value for this
simulated value of Joe and the experimental value for the polysilicon
. contacted device is a measure of the actual improvements that has occurred
by using polysﬂlcon instead of metal for the same emitter profile in the
single crystal s1hcon -
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CHAPTER Il
PROCESS DEVELOPMENT

ThlS ‘chapter discusses the process development that was done to'
fabrlcate consrstently reproduclble polysilicon contacted emitter devices wrth_-
enhanced current gain over conventional metal (Al) contacted devices.

Prehmlnary polysilicon contacted emitter devrces and conventional
- metal contacted emitter (control) devices were fabricated in the same die

and tested to obtain proper parameters for the process. Then a new mask .

set was des1gned ‘The process was S1mulated with SUPREM III process‘
simulation ‘program along with the process development to determlne
~ optimum implant energies, doses and thermal cycles for the devices.

~ There are numerous variables for the entire process: dopant species for
the single" crystal shallow emitter and the polysilicon contact layer, doses of
dopant specles, depos1tlon technique and related parameters, polysilicon
annealing - temperature, polysilicon thickness, and so on. After several
fabrlcatlon runs and their evaluations, the basic full process was establlshed
and their results were used as a basis for the further development

Main ~ interests are - polysilicon  deposition  techniques - and
polysilicon /monosilicon interface treatments. LPCVD and PECVD are two
polysilicon’ deposition techniqnes used for the process development. All
evaluations are done with a comparison of the current gain for the’ '
enhancement and emitter contact resistance of the polysilicon versus control
‘bipolar transistor.

3.1 Pr'ocess Outline

~ Four ‘types of devices were fabricated (Figure 3.1): a standard BJT
(control) device called "sub", polysxllcon contacted emitter device called
"lcon", polysilicon emitter. dev1ce called "em", and combination of the second
and third type called "2con". In order to fabr1cate all 4 types of devices on
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Figure 31 , ‘Four types of devices desig‘ned‘oh test mask.
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a vw’afevif,'rsi'x masks are needed:‘ base pattern, emitter pattern,' 'poliy>si'l'1conrr-'r
contact  openings, polysilicon pattern, metal contact = openings,  a and

metalhzatlon pattern. No passwatlon layer was used for these expenments o

All four types of devices were fabricated identically up to and 1nc1udmg" '
the emitter drive-i -in step. Thus the observed dlﬁ'erences in  device
! cha’ractenst.lcsv are attributable, unambiguously, to the different .po-Iysﬂ-lcon
contac_t:technblogy. In addition, the Al contacted devices were made on the
same wafer and in the same die with the polysilicon contacted di'eVi"c’eS--, SO .
that both devices have almost identical emitter and base profiles.’ Proﬁles v
may be aﬂected by surface conditions, i.e. whether the surface is oxide or

polysﬂlcon However, their effects are considered neghglble on the device

charactenstlcs Therefore, small variations in device characteristics can be
detected and attributed to the polysilicon emitter-contact effect.

In prellmmary device fabrication runs, it was 1nvest1gated how dlfferent'
surface treatments prior to polysilicon deposition influence the electrical
properties of polysilicon emitter transistors. In particular, devices similar to
the "em" devices of Figure 3.1 were fabricated and tested. With the control
BJT dev1ce as a reference, devices with two types of surface treatments were
compared One was with BHF d1p etch and the other was with RCA c]ean

The basic fabrication process used.is as ‘fo.llows:

1) initial oxidation

2) mask #1 - base

3) boron implant

4) oxidation and drive-in

5) mask #2 - emitter

-6) arsenic (or phbsp’hofus) implant -
' 7) oxidation and drive-in
~ 8) mask #3 - polysilicon contact windows
" 9) polysilicon deposition (LPCVD or PECVD)
’ 10) arsenic (or phosphorus) implant

11) mask #4 - polysilicon pattern

' 12) polysilicon annealing

13) mask #5 - metal contact windows

14) mask #6 - metal pattern

: 15) metalllzatlon (sputtermg Al-Si)
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To carry out the above process, preliminary control devices and polysnllcon-'
emitter _devices were fabricated and tested. Once these results  were
evaluated a set of new photoplate masks were designed and process
modlﬁcatrons were made. The process design was simulated by SUPREM mr
‘simulator while the test mask set was designed and laid out on the graphlcs .
system avallable at Purdue university. ' :

3.1.1 Preliminary‘_Control and Polysilicon Devices

Several fabrication runs were made to determine what problems mrght"
-occur in modlfymg Purdue’s standard bipolar process to accommodate the
polys1llcon emitter devices. Standard phosphorus doped emitter bipolar i
transistors were developed and fabricated in our laboratories. The emitter

'was 100,u by 80u and the total base was 217u by 120u. It must be noted f:

that these devices were not made with a buried layer and hence would have
large collector resistances. The emitter _]unctlon depth was sunulated as
0.35u and the base width as 0.52u. -

Wrth the control devrce as a reference, several wafers were processed :
together_through the base diffusion and drive steps. For the standard BJT,.
‘the collector contact and emitter were implanted with phosphorus and
diffused simultaneously. For the polysilicon emitter devices the emitter
“window was not opened in the oxide for the implant, but the window for the
bcollector was opened. Due to the fact that the polysilicon emitter devices did
not have the implanted emitter, . they would have larger base wrdths as
compared to those of the standard BJT.  Therefore, we could not expect as
large a beta enhancement with the polysilicon emitters as would be the case
‘1f the base widths are the same between them. '

The polysrllcon was deposited after opening windows in the emltter of ‘
the polysrlrcon emitter dev1ces and trying two types of surface treatments.
'»One set of wafers was given a buffered hydroﬂuorlc acid (BHF) dlp to
remove as much of the native oxrde as possrble, the other set was given the
RCA clean[Q] which creates a thin 15~20A silicon-dioxide layer. The RCA _
_ clean consrsted of a ten minute boil in a solution of NH,OH: H202 H,0 in

: ‘_ proportlon 1:1: 5 followed by a ten minute boil in a solutlon of
o HCL H202 HzO in proportion 1:1:6. The polysilicon was dep031ted in the
o .LPCVD tube ‘at 620 C for 50 minutes and then: doped with phosphorus fori
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20 mmutes at 900° C

The polys1llcon emltter devxces w1th a BHF d1p would probably have a
nearly oxide free interface and represent the case of some impurities
diﬁusing from the polysilicon to form a very shallow emitter or. create the
emit_ter-base junction near the surface of the monosilicon base region. Those
with the RCA clean surface treatment would have the oxide barrier to'give
a heterostructure to the emitter-base and hence a good hole blocking barrier
to the base current component ( due to the holes injected to the emitter), as
dést:ribed by the tunneling theory in chapter 2. The RCA devices have
sh_ownto':produ'ce-‘a good beta enhancement over the standard BJT. Table
3.1 ‘_.s'hoWs_.:th_e results of these preliminary fabrication runs after measuring
~ the transistor characteristics with an HP4145A Semiconductor Parameter
Analyzer. In the table only the peak betas are recorded and averaged over
~ the nnmber of samples measured. The standard or control BJT had the
betas in the range expected from the standard process. Typically they have
an Early voltage of about 68 to 74 volts. For the polysilicon emitter devxce
with a BHF dip the betas were much smaller due to the large base w1dth :
The RCA clean devices had a maximum beta enhancement of greater than 3
and an average of 2.66 over the control devices. Maximum beta would have
been: greater if the base width of the polysilicon emitter dev1ce is same as
that of the. standard BJT. Figures 3.2 through 3.4 illustrates some of the I-
»V data taken on the devices.

3.1.2 Layout.

‘The preliminary results were quite encouraging and gave several
insights into the design of a better fabrication process (to include poly—
contacted emitter devices) and to layout a group of process evaluation test
structures and BJT transistors. The layout is divided into four quadrants
and each quadrant consists of three dies of transistors, two test areas, and
one separated area including resolution marks and alignment keys. "

Each d1e consrsts of transistors with same emitter size and four dlﬂ'erent
types of devices formed into an array. They are labeled as ’sub’, "1con’; The
emitter sizes are 18u x 18y, 28y x 28y, and 364 x 36.. The variations in.
emitter size are mainly to compare the differences in I-V characteristics and.
performances with area. Things that can be 'compared' are current gain,
contact res:stance, base resistance, and potentlal drop in the base reglon,:
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Table 3.1 M»axrimumr curre,n‘t‘gains of preliminary de_Vice‘s‘.' :

Cal - Numbers Peak Beta Peak Beta | , P'e;é.»k Beté,
-~ Devices : . T S

N Observed | Max. Min. Average °
Control BIT | 6 206 | 175 11915
"RCA Poly - 2 -~ 635 38 . [ 5105
‘BHF Poly ' 11 . 60.4- 42 18.55
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etc. The base regions and collector regions differ depending on the emltter "
size. The base regions range from 52u x 30u with 184 x 18u emitters to
124u x 80y with 364 x 364 emitters. Their large variance is due to two
additional masking steps, which are polysilicon contact - windows and
polysrhcon contact definition. The collector regions vary from 30u x 18 to
60p x 36u respectively. The bondmg pads are all 200,u x 2004 to conserve
space and yet have easy bonding.

 The test wafer layout of a full wafer is shown in Figure 3.5. It is noted
that the layouts in each quadrant have the same components and the four
quadrants are almost symmetrical. A layout of the quadrant I of the wafer is
shown in Figure 3.6. As shown in Figure 3.6, every transistor is numbered so
- that they can be identified when one tests these devices. In one quadrant
there are twelve devices of each type and size. Eventually, forty eight
devices of each type and size are available. The large features on the outer
side of the wafer are for the spreading resistance probe measurements, one

| for each step of the process. Note they are arranged around each quadrant

~There are two process related test areas in each quadrant. The layout
of test areas is used to determme process characteristics, and to help debug
the transrstor array. One test area, as shown in Figure 3.7, con81sts of four
" sets of 1024 transistors connected in parallel, in which each set cons1sts of
tran51stors of the same type and three very large transistors. The three
large trans1stors in this test area are 'lcon’, ’em’, and ’'sub’ dev1ces ‘with
: 256,u X 256,u emltters, and 288u x 368y base regions. They are fabrlcated for '
the comparlson with other small devices in the other areas of that quadrant :
They ate good for comparison since they have less edge effect from the _
'perlmeter ‘due to very large base and emitter regions. The 1024 trans1stors
connected in parallel have the smallest emitter size, 18y x 184, and share-a
common collector. They are used to check the quality of the metal contacts
to dlﬁerent types of the tran81stors and to compare area to per1meter effects

Flgure ‘3.8 shows the other test area and its elements, Wthh are
resistors, contact chains, diodes, and capacitors. Resistors are 1nc1uded ln'
each quadrant to measure the sheet resistances of the dlfferent reglons
correspondmg to transistors. These regions are represented by the base"
d1ﬁus1on, emitter dlffus1on, base plnch resnstor under emitter reglon, dopedv
.polys1hcon, and base pinch resistor under polys1hcon

“The base, emitter, and "doped polysilicon sheet resistances must be

reasonably low to avoid excesswe voltage drops in both control. dev1ces and o
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Test area of three large transistors and four types of 1024

transistors connected in parallel.

Figure 3.7
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Figure 3.8 Test area containing resistors, ca.pac1tors, chain of contacts,
diodes, and substrate contacts.
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in polysilicon contacted emitter devices. These resistances also can be used
to check the accuracy of the SUPREM simulations. Furthermore, they can
be extracted for the purpose of simulating future circuits. The contact
chains are used to check the quality of the metal to semiconductor contacts
to the various silicon and polysilicon regions.

Resolution marks and alignment keys are located separately from the
other parts, as shown in Figure 3.9. All alignments are basically‘m’a‘de on
thevbprevious mask levels. The resolution marks are used to check for
catas'trop'hic errors during the masking and etching steps. The smallest
resolutlon marks are 5u lines with 5u spaces. o

- The final set of masks include 48 devices of each type and size (4 types
~and 3 s1zes) two test areas, and the area 1nclud1ng resolution marks and
allgnment keys ' ‘

3.2 Process Development

The objective of this thesis lies not only in demonstratlng that the
polys111con contacted emitter devices have higher current gains than
conventional aluminum contacted devices but also in showing that the
polysilicon contacted emitter devices can be fabricated in a consistently
reproducible manner.

From the results of preliminary devices, the polysilicon emitter devices
(em) with an intentional oxide layer made with RCA cleaning, seem to have
better beta enhancement than the devices with BHF dip etch. The use of
intentional chemically grown interface oxides as a tunneling barrier to hole
injection has been shown to give the lowest base currents. However, the
‘oxide barrier significantly degrades the high performance capability of the
devices by increasing the emitter resistance by an order of magnitude and
increasing the low current leakage [9,10].

For small emitters, this series resistance severly limits the speed and
transconductance of the BJT device. In addition, the chemical oxide slows
the diffusion of arsenic, when using the polysilicon as a diffusion source, from
the polysnllcon layer into the single crystal substrate. The emitter junction
that is formed during anneahng can be too close to the
polysilicon /monosilicon interface, resulting in nonideal diode behavior_ [21].
Annealing at high temperatures can reduce the emitter resistance and the
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leakage by breaking up the chemical oxide and diffusing the junction deeper
into the substrate. However, these improvements are achieved at the
:sacrlﬁce of a_ higher base current, a wider base width, and a nonumforrn
1nterface '

Itis known that "he common-emitter current gain, £, of s1hcon n pn’
blpolar transistors with shallow emitters depends strongly on the emitter
"techno]ogles Particularly, for the polysilicon contacted emitter devices, the -
high gains ate only obtained if the monocrystalline partof th_e emitter is
extremely thin (< 0.1 um) so that the substrate recombination of holes in
that region is minimized [22]. The polysilicon emitter devices (em) may
produce higher current gain enhancement than the polysilicon contacted
emitter devices (Icon). However, they have been shown to -prodliee' variable -
beta’ enhancement ranging from 0 to 10,000. This implies 'rep’rodtréib‘le
diffusions are difficult to obtain. Moreover, the polysilicon emitter devices ,
(em) have different emitter and base impurity profiles in the substrate silicon
1nd1cat1ng that the direct comparison with the control devices (sub) is not
appropriate: ' :

On the contrary, the polysilicon contacted emitter devices and the
control devices have almost identical substrate doping profiles, so that they
¢an be d1rectly compared. Observed differences in device characteristics can
be attributed to the polysilicon contact effect. The advantage of" the
polysrllcon contacted emitter device structure is ‘that the doping profile in
the monosilicon substrate is only minimally affected by the polysrllcon for
shott annealing period. :

Therefore, in this chapter, fabrication procedures and experimenta'l
restlts will be presented on the polysﬂlcon contacted emitter devices (Leon)
without any intentional interfacial oxides. Much of this work is to-
‘ lnvestlgate the effects of and how to remove any “native" oxide at the
interface. Procedures were simulated with SUPREM III in order to estimate -
the process parameters for the fabrication development.

f3.'2.1:Pr‘0‘¢ess Targets

As mentloned earlier, the maln obJectlve is to establlsh the fabrrcatron
procedures - that would produce con51stently ‘reproducible polysﬂlcon
contacted emitter devices Wlth enhanced current gain over the conventlonal :
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aluminum contacted devices.

First of all, in order to obtain high current gains, the base width should
be as thin as possible, so that the average diffusion length of the minority
carrier, electron in this case, is much longer than the base width. B1po]ar
devices that have been properly scaled down, however, have a limiting base
width of about 25 nm [23]. Because the base width is determined by the
difference between the depths of the base-collector junction  and the
emittef-base junction, narrow base widths require the emitter depth to be
reduced proportionately to maintain base width control and reproduclblllty
Another issue that should be considered in the evaluation of a given doping
profile is the ratio of doping concentration of the base and emitter. The base
doping must be low ‘enough so that it does not degrade emitter injection
efficiency. If it is too low, however, the collector will punch through the
emitter. Because punch- through must be avoided, it is necessary to consider
the voltage that will be applied to the device terminals. Depletion layer
widths must be calculated to confirm that punch—through will not occur at
reasonable voltages. ' ‘

. The effect of very high doping concentration in the emitter should be-
cons1dered ‘As the emitter doping becomes very high the bandgap narrowmg
and the Auger recombination effect cause reductions in the current gains.
The decrease in bandgap causes the intrinsic carrier concentratlon ‘to be -
hlgher This in turn causes the injected, from base to emitter, mlnorlty
carrier concentration to increase and results in a corresponding decrease in
“current gain. The Auger effect is a recombination mechanism that involves
the dlrect recombination between an electron and a hole with a transfer of
energy and momentum to a free electron. At high carrier concentratlons,
Auger recombination becomes important. There is also a reduction in the
mlnorlty carrier diffusion length. Since the emitter dlﬁuswn length is
decreased, the emitter injection efficiency is also decreased [24]. Therefore,
the emitter ‘junction depth must be reduced to minimize the Auger effect.
The " shallow emitter junction depth is also necessary for reducing the
sidewall effects, which play a significant role in the performance of the
transistor when the lateral dimensions of the emitter are in the same order'
of magnitude as the emitter-base junction depth (25].

~ Secondly, in order to have the capability of fabricating the’po‘lysili‘coﬁ
contacted emitter devices in a consistently reproducible manner; it is
necessary to have an "oxide-free" polysilicon /monosilicon interface assumlng
that the polysnhcon layer itself dose not make a blg effect. The presence of
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the chemlcally grown 1nterface layer with RCA clean creates hlgh base- v
'emltter resistance value, so that eventually the polysﬂlcon contacted devices
may reduce the speed of circuit. Also, it is extremely dlﬁicult to control the v
precnse thlckness of the interfacial oxnde layer so that the dev1ces with
-consnstent electrical characterlstlcs can never be fabrlcated The devices in
this’ research, therefore, are given an BHF dip %etch prior to the polys111con
deposntlon to minimize any oxide contamination and make ‘a- clean

.'polys1hcon/monos1hcon interface. Despite this treatment, a’ thln layer of

contamination forms on the silicon surface during the subsequent exposure of o

the wafers to: water -and air. ThlS 'native” oxide can also generate hlgh
er res1stance, although not as bad as the 1ntent10nal chemlcally"

'{base—emr

grown oxide. It is necessary to remove the native oxide to fabncate dev1ces"__v :

, w1th con51stent electrical characteristics. The native oxide layer was found
to break up by thermal treatment at hlgh temperatures [3] Another
possnble techmque is the plasma—etch of the natlve oxnde before polysﬂlcon
deposntlon in the PECVD reactor w1thout breaking vacuum Both methods
were stud1ed nn this work :

322Ba31° F »\‘.l‘ll Fabri‘catiOn PrOcess |

_ | From several experiments with different parameters and thelr results,v _
the basic full process with final fabrication parameters was estabhshed The L
wafer set V3 was fabricated by applylng this basic full process Wafer‘
fabrication runs "A" through U were parts of the bas1c full process':

B development ’ '

. The basw full process consists of" two parts, a ﬁxed part that is the '_
same for. all BJTs and a varlable part concerning the polysﬂlcon contact' ,
only The ﬁxed part includes the proeess steps that are common to both the _
- polysilicon contacted emitter devices and the conventional devices. They are_ -
vgettermg, initial oxidation, base implant and drive-in, emitter 1mplant and
dr1ve-1n, metallization and its anneahng The main purpose of the fixed part
is to create good shallow emitter “"substrate” devices so that one can observe '
~ the beta enhancement from the polysnllcon contacted emitter devices over
the conVentional aluminum contacted devices on the same die. - The |
vanables are the process steps: which can vary over the’ different set of
wafers fabrlcated They are surface treatment before polysilicon depos1t10n, .
polysnllcon deposmon technique and its parameters, and arsenic 1mplant mto’
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pol'ysilicon and its annealing. The purpose of the variable part is to
'optlmlze the parameters so that one can obtain not only a good beta
enhancement with low contact resistance but also small variations in. the»
' beta values by makmg a "clean" polysrllcon/monosﬂlcon mterface

'3.2‘.2.1» Fixed Processing Part

The key features of the fixed part of this process are dlscussed in thls‘
isectlon The starting material is a Monsanto (111) n-type, phosphorus doped
silicon wafer with resistivity of 4~6 {em (Np = 1x10° /em®).  After initial
cleaning of the wafer, which is listed in Appendix A, the wafer is oxidized in
order to mask the front side during gettering. A reasonable thickness of
2500A is chosen to make the oxide easy to etch. This is grown in about 25,.'
mlnutes at 1000 ° C. '

) Small concentrations of impurities and defects can have deleterlous
effects on silicon blpolar devices which lead to very poor ylelds Even if the ‘
_fabrlcatron was done under completely contamination-free conditions a -
number of process induced defects still limit the circuit yield. This problem"
“has led to a number of studies which have shown the ability of getterlng"‘
operatlons 1n overcoming defects and contamination problems arising durlng
processing. The basic .idea of gettering is to remove undesrrable defects and
impurities | from the ecritical areas on the wafer. where the deVIces are’ -‘
fabrlcated [26]

, Defects and other types of contamination may effect the performance of
devices by introducing energy levels within the forbidden bandgap of silicon,
where they ‘act as recomblnatlon-generatlon centers and traps. Metalllc
1mpur1t1es can result in a direct, unwanted, and often unstable contrlbutron'
to the electrrc field in the active area of the devices. These lead to the two
‘maJor problems frequently encountered in processing, . degradatlon of
mrnorlty carrier lifetime and increase in the junction leakage current [27]

Several gettering techniques were investigated. Among them, /
polysnlrcon deposition on the backside of the wafer has been found to' be very\"-
eﬁ'ectlve The grain boundaries, and high degree of disorder in - polysnhcon
are beheved to act as a sink for mobile impurities [28]. After etchlng the
oxide off the back of the wafer, polysilicon  deposition was performed in an
LPCVD reactor at 620 C for 80 mmutes ‘to deposit about a 1u thlck layer
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on the back

After the gettermg step, the polysilicon and the protective ox1de on the
front side are etched using the etching techniques descrlbed in Appendlx B.
Another ox1dat10n was performed to provide masking for the base (boron)
'1mplant An oxide layer of 2500A was grown from wet oxidation at 1000°C
for 25 mmutes '

The base regions ‘are defined on the initial oxide layer usmg the ﬁrst'
mask. Then the oxide in the base reglons are wet etched with buﬂered
hydroﬁuorlc ‘acid. With the 2000~3000A oxide thicknesses and w1th the -
reasonable size geometries, this etch performed satisfactorily.  In. order to
minimize the base-emitter junction depth and thus to have a narrow base '
widths and a shallow emitter, the base implant is done at the energy of 25
keV, whlch is the lower limit for producing good metallurg1cal junctions. -
The boron dose was chosen as 3 X 1013/cm S0 as to prevent punch through
because the emitter was very heav1ly doped.

The second oxidation is for the base drive-in. A shorter oxidation time
yields a steeper concentratlon profile. Here, the desired oxide th1ckness was
_determmed by the energy of the emitter implant. There were two ch01ces in
the emltter dopant species, phosphorus and arsenic. '

Arsemc has the highest SOlld solubility of the common n-type dopants o
Smce» the arsenic atom is larger and has much lower diffusion rate than the
phosphorus atom, it does not penetrate as far into the silicon as the
phosphorus atom. The required high doping concentration in the emitter
can thus be obtained with a shallower junction and steeper profile using
arsenic as the dopant. As described earlier, a shallow emitter junction is
desired in polysilicon contacted emitter devices for higher current gain slnce '
it reduces sidewall effects of the base-emitter ‘metallurgical junction.
Therefore, arsenic was used for the emitter implant in the s1ngle crystal
region. ' '

~ The emitter regions are defined on the second oxide layer using the
second mask. The oxide in the emitter regions are etched with the same
technique as before, and the arsenic implant is performed at" 25 keV. The
arsenic dose was chosen as 1)(1015/(’:m2 in order to create a steep impurity
'proﬁle with hlgh doplng concentration. The oxide thickness needed to mask
the emltter 1mplant was calculated analytlcally and determined to be

 0.8x (0.02 + 4.3 x 0.007) = 0.04p = 400 A.
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The 0.8 term in this equation is the relative stopping power (a‘bi'lity}vtdv st§p~-
- the ions) of the oxide versus silicon, the 0.02 term is the implant range in
silicon, the 0.007 term is the implant straggle in silicon, and 4.3 multiplied
by the straggle gives the depth where the concentration drops to 1/10,000 of -
the peak concentration. This oxide thickness is grown with a 10m1n, 1000 C
wet oxidation after the boron implant [29]. '

The third oxidation is only long enough to activate the implanted:
arsenic ions, and to anneal the physical defects in the silicon causad by the
implant. In this case, a wet oxidation is also used because the faster growing‘ ”
oxide pushes the arsenic at the surface into the silicon as the oxide grows,
resulting in a steeper dopant profile. The minimum actlvatlon-anneal time
was found to be 10 minutes at 900°C [30]. A full anneal is critical to
eliminate silicon defects which would cause large leakage currents due. to
Shockley-Read Hall recombination. '

All of the dopants implanted mto the surface take advantage of the
better dosage and depth control available with ion lmplantatlon as
compared with pre-deposition tube techniques. All the ion implants were
performed by the laboratory technicians. The walfers, dose, energy - and
dopant spec1es need to be submitted to the technician for processing.

The metallization step is done toward the end of the process and thls is
also a common step to both polysilicon contacted emitter devices and control
dev1ces Metal patterns are defined with the last (sixth) mask. Then the
alummum alloy sputtering was performed in the Perkin-Elmer RF sputterlng :
system. The aluminum contains 1% silicon in order to prevent spiking: This
step is described in Appendix G in more detail. The metallization etch uses
the "lift-off" technique to insure that all of the metal between paths ‘are
removed. With the silicon incorporated in the aluminum, the standard
aluminum wet etch did not work well, leaving behind chunks of metal The
lift-off method is easy to use and gives better pattern definition. After the
lift off etch, the metal anneal was performed at 400° C in N2 for 20m1n to
‘create good rnetal [silicon contacts.
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3(.2.‘2‘.2 Variable Processing Part

The varlous processes 1nvolved with producnng polysnhcon are surface ,b
treatment prlor to depos1t10n, deposxtlon, dopant implant, and oxidation.
All of these processes are interdependent with all of the others. There are
~ two technlques that have been used for making the polysilicon contacts; Low
Pressure Chemical Vapor Deposition (LPCVD), Plasma Enhanced CVD
'(PECVD) ‘In this section, the techniques and parameters used for the basic
»full process are descrlbed Other techniques are discussed in the next sectlon '

: After the ﬁxed part of the process, the polysilicon contact reglons are
'deﬁned on- the third oxide layer using the third mask. Then they are
subJected to a 3 min BHF dip etch to open the polysilicon contact ‘windows
on the monosilicon emitter regions where a polysilicon contacted emltter is
desired. The oxides on the control devices (sub) remain to mask the dev1ces
This is 1mmed1ately followed by the deposition of an undoped polysﬂlcon
layer usmg ‘the LPCVD system The wafers are positioned vertlcally in the
deposmon tub with 1 /4" spacing between wafers. They are placed in the
“center zone of the heated LPCVD reactor. A detailed descrlptlon of the
'operatlon of the LPCVD system is contained in Appendix E.

As prev1ously mentioned, the main objective of these varlables is to get '
- a clean polysﬂlcon/monosdlcon interface without a native oxide. The»l
relatlve 1mportance of this interface and of the bulk properties" of the
polysﬂlcon in influencing the emitter saturation current has been examlned ‘
by other researchers [2,3] by studying polysilicon deposition, anneallng .
temperature, doping level, and polysilicon thickness. _

~ The thickness of the polysilicon is a process parameter that can be
varied andbthe, research has shown that the optimum polysilicon is not -
thicker than 2000A. Polysilicon thickness greater than 2000A are not of -
interest since there is -little“improvement in the emitter injection efficiency
past this point. Ning and Issac [2] observed a weak dependence of base
current -density on polysilicon thickness once the polysilicon ~contact is
jthicker than 1000A. According to their results, the thinner - polysilicon .
contacted devices show a higher base current with all the devices having the
'same polysilicon/monosilicon interface properties. This indicates that ‘the
hole current is not determined by the polyslhcon/monosﬂlcon 1nterface-
propertles but by the transport of holes i in the polysilicon layer. Therefore, "
the 0.1~0.2u thlck polysﬂlcon layer was determined demrable for the
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polysilicon contact.

The experimental parameters are available for the Purdue Solid State
Laboratory LPCVD system [31]. The growth rate of polysilicon at 620 ° C,
200mT, flow rate of 50scem is about 120A /min. Therefore, deposition for
10min would produce a polysilicon of little more than 1000A thick.

The following step is the implantation of the polysilicon layer with
dopants. In order to optimize the device performance within the constralnts
of the existing process, two process parameters were varied: ”

i) the species used to dope the polysilicon and
ii) the dose and energy of the implanted dopant

Functional polysilicon contacted emitter devices with phosphorus doped
polysﬂlcon have been reported in literature, but it was shown that using
arsenic as the doping species would result in a superior impurity . proﬁle 2]
,Therefore, the polysilicon layer is implanted with arsenic and annealed in
wet oxygen. : -

Neugroschel et al.[15] showed that segregation of arsenic to the
polys1]1con /monosilicon interface is essential in obtaining low values of base
* current. Similarly, Patton et al.[3] observed a dramatic reduction in the
emitter saturation current density and the surface saturation current which
were described in chapter II, as the arsenic concentration increased from
3.3x1019, to 1x1020/cm3. However, above 1)(1020/<’:m3 the dependence was
weak. ‘ ‘

Pdlysilicon doping levels below 1x102°/cm3 should not be used for
typical devices because of the high series resistance and high base current
that would result. The high base current observed at the lower doplng level
can be explamed by high recombination at grain boundarles in the
polysrhcon including the polysrhcon/monosrllcon interface, - pseudo—grarn
boundary, due to a high density of interface states. These trapping densrtles
result from the concentratlon of defects and dangling: bonds whlch are
present at the grain boundaries. The segregation of arsenic has been shown'
to affect the electrical activity of these regions. Several mechamsms have
been proposed to explain this change: -
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1) ‘arsenic segregation to dangling bonds at the grain boundaries,

which decreases the density of trapping states _ :

2) segregation to sites other than dangling bonds, where the dopaht
- “atoms can be easily ionized ' .

© 3) arsenic segregation that stimulates recombination of the grain
boundaries and, consequently, modifies the defect content of
 these regions [32]. '

| For higher doping levels, 1~2x102°/cm , recomblnatlon at the
polys1llcon/mon05111con interface and at the grain boundaries in the
polysilicon 'is reduced significantly, resulting in extremely low values of the
surface saturation current. However, this current decreased only sllghtly as

3, This was explained by

the doping level was increased from 1 to 2x102°/cm
the effects of arsenic segregatlon having either saturated or little additional
segregatlon occurring at these higher doping levels. In this higher doping
regime, it was found that the most significant parameter is the tlme and

temperature of the anneal.

‘As the arsenic concentration in the polysilicon was increased from 2 to
5x102°/cm the surface saturation current increased. This increase can be
explained by a lower minority carrier lifetime in the polysilicon due to the
higher doping level. As a result, recombination should increase in the
interior of the polysilicon grains and in the regions of the polysilicon layer’
that mlght have realigned epitaxially to the monosilicon substrate.

Durlng annealing, some arsenic would segregate in the grain boundaries
where they become electrically inactive. The active carrier concentration in
the polysilicon was found to be considerably lower than the chemical
concentration due to depant segregation to the grain boundaries [32,33].
Therefore, in order to achieve carrier concentration of 1x102'°/cm3, higher
dose is needed for the polysilicon layer than for single crystal silicon. The
implanted energy and dose that pfoduced the desired carrier concentration
" in’ 1000A° polysilicon layer are obtained by using an arsenic dose of
3x1015/cm3 at an energy of 25keV. The implant is sufficiently shallow so as
to confine the implant damage to the polysilicon layer and away from the
interface. '

As mentioned previously, for good process control, it is: necessary to
eliminate the oxide interface and boundary effects altogether. The next
step, annealing the polysilicon layer, is the key process that can take care of
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both problems.

Earlier work has shown that temperatures of 850 and 900°C are
required to desorb the native oxide [34]. In XTEM analysis (35,36 and the
work of Jergenson et al. [37], the native oxide layer was found to "break-up"
at- high temperatures and for high doping levels in the polysilicon. When
this happehs, the polysilicon comes into direct contact with the single- -
crystal silicon substrate and some fraction of the polysilicon reallgns
ep1tax1ally to the silicon substrate. More recently, from the experiments of
Patton et al.[3], it was shown that in the doping level of 1 to 2x10%° /em®,
~ the most significant parameter is the time and temperature of the anneal.
- When the anneal conditions were 1000 ° C/30min or 900° C/3-h, an increase
in the surface saturation current occurred compared to a 900 ° C/1-h anneal.
The increase in this current with high-temperature processing can be
attributed to changes in the structure of the polysilicon/monosilicon
interface. The interface for the device annealed for 1-h at 900°C was
shown to be abrupt and few signs of epitaxial regrowth existed in XTEM
examination. However, as the time or temperature of the anneal is‘increased,
the native oxide breaks up and epitaxial realignment occurs. When the
anneal conditions were increased to 1000°C/30min, epitaxial realignment
structures extending several hundred angstroms into the 'pblysilicon_were
" found to cover almost the entire emitter surface, while the oxide fbrms small
inclusions (20~30ﬁ in diameter)'within the realigned polysilicon and near
the original interface. Here, the ' orlgmal interface” refers to the position of
the polys111con/monosﬂlcon interface -after polys111con deposition - and the
"regrown interface" refers to the polysilicon after. annealing, i.e., after
limited ‘epitaxial regrowth has occurred. For a 3-h anneal at 900° C,‘
epitaxial realignment had occurred over a majority of the surface area.
Although the realignment structures- typically extended no more than 50A
into the polysilicon, they clearly indicated that the native oxide’ layer had
broken up over a large portion of the surface.

The presence of a native oxide just increases the series re51stance in the
polys111con contacted emitter devices and incurs extra voltage drop between
base and  emitter resultlng in the degradation in the performance,
partlcularly in high frequency response. The removal of the interfacial oxide
by either the removal of the oxide layer due to heat treatment or the
- epitaxial reallgnment at the interface will create a good low remstance
contact between the polysilicon contact and the crystalline emitter. Since
~ one merit of the polysilicon contact is the extension of the emitter Wxthout
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having - 'itswsidewall effects, the polysilicon contact should not cause a high
resistance in order to provide a beta enhancement to: the polysxhcon
contacted devices over the metal contacted devices.

For the polyslhcon contacted emitter devices, the- anneahng tlme must

vbe as short as possible so that it does not change the emitter junction depth .

“and the base width appreciably. Therefore, the annealing was done at
1000° C' for 10min. A_fter ‘the implantation, the polysilicon patterns that
cover. the _polysilicon contact windows are defined with the fourth ‘mask and
rest of the polysilicon is etched with RPZ poly etching. Then these regions
are annealed in wet oxidation. This anneal is long enough to obtain a -
uniform doping level in the polysilicon and the temperature is high enough
to break up a large portion of the interface oxide resulting in a low emitter.
resistance, Since the fraction of arsenic that outdiffused into the single- -
crystal substrate is small, the average chemical concentration of arsenic in -
the polysiliCOn is approximately the dose ,divided by the polysilicon
thlckness o ' ' ) o
The ﬁfth mask definés contact areas for metal contacts. - After the
contact ‘w_lndows are opened with-a BHF etch, the metallization was done as
described;_;in the previous section.

3.2.3 Full Process Sequence
Thejfb:asic;full process sequence is as follows:

1) Wafer Clean
-2) Hydrogen Burn Oxidation - 25min at 1000 ° C
3) Mask Front - AZ1350 Photoresist
4) BHF Etch (Back)
'5) Remove Resist and Clean
8) Polysilicon Deposition (1) - 80min at 620 ° C
- 7) Mask Back - AZ1350 Photoresist
8) RPZ Poly Etch and BHF Etch (Front)
- 9) Remove Resist and Clean -
‘ le) Hydrogen Burn Ox1datlon 25min at 1000° C
.. 11) Define Mask Level #1 - ‘Base Reglon
~12) BHF Etch - 3min
13) Remove Resist and Clean
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14) Boron Ion Implant - 3x10'% /cm? at 25keV
15) Wafer Clean

16) Hydrogen Burn Oxidation - 10min at 1000° C
17) Define Mask Level #2 - Emitter Regxon

18) BHF Etch - 3min '

19) Remove Resist and Clean
20) Arsenic Ion Implant - 1x10'° /cm® at 25keV
~ 21) Remove Resist and Clean

22) Hydrogen Burn Oxidation - 10min at 900° C
23) Define Mask Level #3 - Poly Contact Window
24) BHF Etch - 3min

25) Remove Resist and Clean

26) Polysilicon Deposition (0.14) - 8min at 620°C
27) Arsenic lon Implant - 3x10"° /cm? at 25keV
28) Define Mask Level #4 - Poly Definition

29) RPZ Poly Etch - 10sec

30) Remove Resist and Clean

31) Hydrogen Burn Oxidation - 10min at 1000° C
32) Define Mask Level #5 - Metal Contact Window
33) BHF Etch - 3min

34) Remove Resist and Clean

35) Dry Bake - 10min at 120°C

36) Define Mask Level #6 - Metal Definition

37) BHF Dip - 5sec

- 38) Sputter Al-1% Si - 25min at IOOW
~39) Lift-Off Etch - 30min in ACE in USC

40) Anneal Al-1% Si - 20min at 400° C

41) Test '
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324 ':‘V'Res‘ults'o'f' Wafer S:et V3

ThlS basrc process produced a large number of workmg devrces 1n'
:several fabrlcatlon runs. Table 3.2. shows the results of the devrces -made

:_w1th the basxc full process. Mean values, standard devnatlons, and minimum- o

- and maximum values of the current gains for different devices are descrlbed o

in thls table The SUPREM III simulated dev1ce characteristics : are shown in
Table 3. 3 with the process for wafer set V3 and the SUPREM III plot of net -

‘chemical 1mpur1ty concentratnons versus depth into the structure 1s shown in
.Flgure 3. 10. ‘ ' ‘ R
o Flgure 3. 11 i:'s a graphical representation = which ‘describes ' the
dxstrxbutlon of experimental data of the wafer set V3. A numerlcal summary’f
of the data, 1nclud1ng its range, median, and variance can ‘be obtalned w1th .
vthls descrlptlve statistics. -The thick vertical line segment represents a
medlan value of the current gains contained from a number of deV1ces on a
’_same “die: The left and r1ght hlnge values are approx1mately the 25th"
percentlle and 75 percentlle of the number of points in the data. The left'
: ,and rlght whlskers extend to values which represent 1.5 times the spread, ‘
from ‘the medlan to the corresponding edge of the box. Any data points i
falhng outs1de these values are plotted as individual points. This is good for
_ -a"quick comparison of the current gain for the polysilicon contacted emitter -
 devices (1con) and the shallow emitter control devices (sub). '

- The devices with two different, emltter sizes were tested. Both of themw N

. have shown a good current gain enhancement of the polys1llcon contacted
‘ emitter devices over the control devices. However, the devices with 36u x
364 emitter have shown larger beta enhancement and relatively larger beta
- values. compared to the devices with 18y x 184 emitters, The variation in
' peak beta was also smaller for the devices with the larger emitter. These are
caused by a larger: area/perlmeter ratio of the devices with 36p x 36u
emitter as compared to the devices with 18u x 18u emitter. The devices
- with larger emitter have. less 51de-wall effects with same emitter Junctlon
'depth resultlng in higher overaIl emitter injection efﬁclency by reduclng
Junctlon recombmatlon current at the surface. : '
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'bTAabl"e 3.2 Comparison of maximum current gains for the wafer set V3.

’ »6 (conl) .

'DévfééS' - T e Numbers Median Standard -
, | IPe Observed ' Deviation |  Bsub)
| sub 7 73.6 1.2 S
V3-ii-18 ' 1.715
S ' conl 10 126.2 14.7 .
Lo sub 5 77.8 0.8 CEL
"~ V3-ii-36 [ ’ .2.995
e ‘conl 7 13.7 o

- 232.9



Table 3.3 SUPREM III simulated device characteristics for the wafer Set

V3.
| Parameter - - Sub 1Con
Poly-contact "
. _ o
Thickness (4) N/A 928
Junction base /emit 0.15 0.16
Depth
P _ base/cou os3 | 0.68
(A) under emit
Base Width (u) 0.58 | 0.52
Effective
0.38 | 0.37
Base Width (u) ‘
| oly- 776
Sheet pgly contact || N/A | 2,776
) emitter 109.9 65.3
Resistance ‘
~ base-pinch || 8,058 | 6,065
(£2/9) ' -
base 3,517 4,291
Built-in ibase /emit 0.97 1.00
Potential (V)
“base/coll 0.69 0.71
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concentrations versus depth into the structure for the wafer set
V3 (a) sub and (b) lcon.
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Figure 3.11 Statistical plot of measured data for the wafer set V3: (a) v3-
' ii-36 and (b) v3-ii-18.
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3.2.5 Process Simulation

 This section discusses the process simulations that were done to
determine optimum implant energies and doses for the fabrication of
polysilicori contacted emitter devices and control devices. The various
stages of simulation are presented leading to a final doping profile. In order
to ‘arrive at a process that would produce a device with acceptable
characteristics, a process simulator, SUPREM III, was used. Process
simulators have made it possible to predict device structures resulting from
any proposed fabrication sequence. SUPREM III is an upgraded version of
SUPREM II. The key feature of this new version is the capability to model :
process sequences that utilize polysilicon. The models for diffusion, oxrdatlon,'
epltaxy, and ion implantation for single crystal silicon have also been:
improved (38]. ’

- There has been considerable work done on the models of polysﬂlcon in
SUPREM III. The process involved with polysilicon such as: deposition,
~ oxidation, d1ﬂ‘uswn, and dopant segregation across the multiple crystallite
and grain structure of polysilicon, involve many complex mechanisms. These
mechanisms require models of grain growth, dopant segregation, and carrier
tra.ppmg at the grain boundaries. All of these process are mterdependent, :
Wvl’th» all of the others. There are many techniques such as atmospheric
pr:éssnre" CVD, low pressure CVD (LPCVD), sputtering, "and plasma
enhanced CVD (PECVD), that could be used to deposit polys1llcon

' There is, unfortunately, very little data of how ' the size of the‘
polysilicon grain and dopant distribution vary as a function of deposition
‘technique, tem‘perature, time, pressure, doping process, and lajrer thick-ness.~
SUPREM III uses the most s1mpllst1c models. The grains are assunied to be
spheres of uniform size. Grain boundaries are known to be a determlmng_
~ factor ‘in ‘the properties of polysilicon layers. Phosphorus and arsenic, in
partxcular, segregate in the grain boundaries, where they become. electrlcally
' 1nact1ve The segregation at grain boundaries causes the eﬂectlve doping to
be: lower. ‘Arsenic is believed to segregate on' the polysnhcon ‘side of the
' 1nterface between polysilicon and monocrystalline silicon. Thl_S_ is not
'.modeled ‘accurately by the current version of SUPREM IR

: Dopant dlﬂ'uslon within polysnllcon has been reported to be poorly.
'modeled at thls time. Dopant diffusion is known to be more rapid than in
‘s_mgle,_crys'tal region. This is probably due to the enhanced diffusion that
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‘oceurs albong_ grain boundaries. Since the necessary data to model this
correctly  is unavailable, SUPREM III assumes that the diffusion -within

. polysilicon ‘Willl be extremely rapid relative to the process time. This causes : :

the ‘polysilicon to be uniformly doped. In order to optimize the device
~performance- within the constramts of the ex1st1ng process, two processf -
parameters were varied: '

i) ;the species used to dope the polysilicon
“ ii) “the dose and energy of the implanted species.
 The thlckness of the polysilicon is another process parameter that can’

be varled but research has shown that the optimum polys111con thlckness is
: about 1000A

_ There is some freedom in varying the anneahng tlme and temperature
This is for anneahng after implanting acceptor and donor dopants for the
base and emitter, respectively. There are two possible choices for the
sbe'c_ies t,ol' be implanted for the emitter region, phosphorus and arsenic.
Mdd'e"l‘i'ng of these two species indicated that the arsenic forms shallower
emitter junction depth than the phosphorus with the same dose, energy,
‘diffusion temperature and time. Functional polysilicon contacted emitter
devices with phosphorus doped polysilicon have been reported in literature,
but it was shown that using arsenic as the doping species would result in a
superior: profile [2]. In general, a shallow emitter is desired for VLSI devices
due to decreased lateral diffusion. The boron that is used for the base
implant is also included in these profiles.

As mentloned earlier, the hlgher current galn for a blpolar transistor

can be achieved in part by making the base width narrower.. The ratio of

doping concentration of the base and emitter is also an important factor in
the determination of the current gain. Expressing a current gain in the
following way allows simple calculation of a current gain from SUPREM III
simulated chemical impurity concentrations.

By = Dp Nog Lg | - .(3'i)'
T Dg Ngg W | A

where Dg and Dp are the minority carrier d1ﬁus1on coefficients, Npg and NAB-
are the doping concentrations in emitter and base, respectively, Ly is the .
emitter minority carrler diffusion length, W is the w1dth of the ba.se ‘
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An effective diffusion coefficient for the emitter should be determined for
use in the above equation for beta. It should take into account the dxﬁerent_ '
diffusion coefficients of the monocrystalline silicon and the po]ycrysta]hne"
regions of the emitter. As pointed out earlier, the diffusion coefficient: for
holes is much less in the polysilicon than in the monocrystalline emitter. The
diffusion coefficient for each portion of the emitter is weighted to the width
of each region. A formula for the effective diffusion coefficient is:

—1

W, W,
W, + W, W, + W, =
D= + (3.2)

where D,; and Dy, are the diffusion coefficients in the polys1hcon and
monocrystalline silicon respectively, W, is the thickness of the polys111con

contact r‘wkhlch is 1000A as discussed earlier in this chapter, W, is the W;dth -

of the monocrystalline emitter, and W;+W, is the addition of the
monocrystalhne emitter and the polysilicon contact. S

- The diffusion coefficients needed in the calculation of the eﬁ"ectwe
diffusion coefficient are calculated using the Einstein relationship which is:

D _ kT e
M q .

where D is the minority carrier diffusion coefficient, ;1 is the mobility and
kT/q at 300°C is equal to 0.026V. Even 'though several models exist for
hole mobility in heavily doped silicon, there is disagreement among those
models. . Due to the lack of information in the literature concernlng ‘the
minority carrier hole mobility in polysilicon, in this calculation” the '
parameters from the model of Ning and Issac[2|, namely pz/Dpl and L
are used.

Accordlng to the experiments of Ning and Issac [2], D,,/Dy; = 3 and'
Lpl — 50nm were obtained for a peak emitter doping concentration of
1. 2x102°cm ,~where Ly, is the diffusion length in the polysilicon. Also, the
correspondlng Lpg, the diffusion length in the monocrystalline silicon, was
shown to be 170nm, assuming a hole mobility of 50 em? /V-s. The diffusion -
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b2 is therefore 1.3 cm?/s.

~ (electron) mobility value which is obtained from the figure of moblhty versus
- doping concentration. The effective base width, W, is obtained by excludmg
the transition regions which are the base-collector and the emltter-base -
' ».-depletlon regions. '

. Applying the SUPREM III simulated dev1ce charactenstlcs for the wafer
set V3 shown in Table 3.3 into equation (3.2), assuming the polysilicon

coefficient in the monocrysfal]ine silicon, D

- contact' to be 1, the effective diffusion coefficient for the simulation is
calculated as follows:

—1

0.1 0.16
Deg = 0.26 , 026 = 0.73 . (3'.4_), :

0.43 1.3

Using equation (3.1), the approximated beta for the polysilicon
contacted (_einitter device is calculated. ' - ‘

B = [ 18.2][7.7){1019 Ho .26 ] — 50,000 | 65)

0.73 || 6.8x10'® || 0.37

By the same method the approximated beta for the metal contacted
(sub) device can be obtained.

1.17 || 3.96x10® || 0.38

B eub =[ 22 ][434"1019 ][015] 8,130 | | (‘3.5.)

‘The use of an effective diffusion coefficient in the beta equation
improves the accuracy of the equation of beta. The overall effect of using
' -polys‘ilicoﬁ as the emitter contacting material can not be taken into account
with: such a simple formula. Also, the degradation of beta due to bandgap-‘
narrowmg 1s not taken into account, tausing beta to be overestimated. ‘The
31mple formula just allows for a calculation of beta for comparlson purposes..

. Consndermg the band gap narrowing due to heavy doplng in mon03111con -

emitter, equatlon (3.1) can be modified as follows [24):
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—AE,/kT

| ﬂeﬂ' = ﬂdce (3‘7)

where [J,4 is the effective current gain including the band gap narrowing
effect and AEg is the amount of the reduction of the band gap narrowed.
Experimental values of the band gap narrowing, AEg, for n-type silicon are
readily available in the literature [24]. Taking the value from a plot of band
gap narrowing versus doping concentration and assuming the band gap
narrowing is same for both the polysilicon contacted emitter devices and the
metal contacted devices, the effective beta can be calculated. From
equations (3.5) and (3.7), assuming the band gap narrowing of 0.12eV,

Bef 1con = 20,000 x e012/0026 — 198 (3.8)
and from equations (3.6) and (3.7),

Bogsub = 8,130 x e 012/0026 — gg | (3.9)

" The effective beta values of from equations (3.8) and (3.9) are pretty
close to the experimental data shown in Table 3.2. Here, we have neglected
possible and bending at the interface because, based on the generally
accepted conduction mechanism in polysilicon [35], the band bending at the
grain boundaries in heavily doped polysilicon is much smaller than thermal
energy and therefore can be neglected. Also the field dependence of the
mobility and Auger recombination have not been taken into account. Such a
model requires knowleglge of parameters such as the doping profile, the hole
mobility as a function of doping, the polysilicon grain size, and the intrinsic
Shockley-Read-Hall lifetime. ‘

3.3 Other Processes

ThlS section includes fabrication processes that were attempted for
establlshmg the basic full process and for developing the basic full process
further

‘In order to see the eﬁect of the doplng concentratlon in polysﬂlcon and:‘
anneallng temperature on the propertles of polysﬂlcon , polysﬂlcon contacted'
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emitter devices with the basic full process are- compared W1th the dev1ces
with dlﬁerent process parameters '

» - The eﬁect of polysilicon deposmon technique was 1nvest1gated

Amorphous silicon (a-Si) was deposited, instead of polysilicon, using LPCVD
‘and PECVD techniques. It was then implanted with arsenic and heated to
recrystalhze into polysﬂlcon The prime obJectlve for using PECVD o-Si i is to

remove any native oxide at the polysilicon /monosilicon emltter.lnterface and

'therefore"reduce the variance in the enhanced beta. Plasma etching .With" -
argon was tried to remove the native oxide. '

The effect of base doping on the beta enhancement ‘was also '
_1nvest1gated by changing only the base doplng from the basw full process
and the results were compared. :

37,3,'1'Polysil-_icon Annealing Time and Temperature

A'nnmber_ of fabrication runs were made to determine the best method
of'depOsiting ‘polysilicon and under what conditions. In this section, the
effect of doping concentration and anneahng temperature on the polysilicon
‘contacted emitter devices is described. Transistors were fabricated with a
rmnlmal residual oxide at the surface prior to polysilicon deposition. The
polys1hcon deposition was done by LPCVD on the substrate for the
polysxhcon contacted devices. Then, ion 1mplantat10n ‘with different doses -
and anneahng at different temperatures were performed on each wafer set.
The implant dose was varied from 1x1015/cm to 3x10'° /em? at 25keV, and
the annealing temperature was changed from 800 to 1000°C.. The
‘properties of the polysilicon contact and the polysilicon /monosilicon
interface can be modified by varying the arsenic content at the grain
boundary through changes in doping level in the polysilicon or by i 1ncreas1ng
the annealing temperature from 800 to 1000 ° C. :

The key process parameters are:

25 minute 1000 ° C wet oxidation
 3x10'% /cm? 25keV boron implant
10 minute 1000 ° C wet oxidation
* 1x10" /em? 25keV arsenic implant
- 10 minute 900 ° C wet oxidation
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8 minute 620 ° C LPCVD poly-deposition
1-3)(1015/cm2 25keV arsenic implant
10 minute 800-1000 ° C wet oxidation

_ An electrical characterization is carried out by the measurement -of
both contact resistance and maximum current gain (peak beta). It has been.
a common practice to use the current gain for making comparisons between __
devices fabricated under different conditions. The results from five process,
variations are given in Table 3.4. The results indicate that there is a
definite relationship between the base-emitter series resistance (or contact
resistance) and the maximum beta value. As the contact resistance becomes
smaller, the maximum beta value becomes higher and even the beta
enhancement gets larger. With a high contact resistance value, the
maximum beta of the polysilicon contacted emitter device can be even lower |
than that of the conventional device as shown in wafer set V7 and V8. This
implies that the advantage of the polysilicon contacted emitter devices can
be obtained only with a small polysilicon contact resistance. For
comparison, the SUPREM III simulated device characteristics are shown in
Table 3.5 with various doping concentrations and annealing temperatures of -
polysilicon: for the polysilicon contacted devices. Also, the SUPREM III
s1mulated plot of net chemical impurity concentrations versus depth 1nto the
structure for them is shown in Figure 3.12. : - :

The hrgher resistance at lower temperature, 800 ° C, must be caused by
' the native oxide existing at the polysilicon/monosilicon 1nterface “This
increase in the contact resistance can contribute to a significant increase in
series voltage drop and reduce the current gain. As the annealing
temperature becomes higher, the native oxide is believed to coalesce into
lumps ‘or nodules instead of a sheet so that holes form in the oxide.

Eventually the oxide breaks up at 1000 ° C resulting in a good contact with a
low resistance between polysilicon contact and the substrate emitter. ThlS is
con51stent with the results of other researchers who indicated that ‘high-
temperature causes the interfacial layer to become discontinuous [35]-[37]..

Another factor that can cause a lower contact resistance is the doprng '
concentratlon in the polysilicon layer. At the same temperature, 900 ° C, by
increasing the arsenic dose for the implant from 1x10"° to 3x1015/cm ‘the
contact resistance was reduced by a factor of about 20. In this case the
lower resistance must be caused by higher doping concentrations in the
polysilicon grains. The resistance in the polysrhcon has been found to :
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Table 34 R

Dependence of emltter contact resistance and current gain on.
dopmg concentration and annealing tempera.ture for polvsnlxcon
contact
1000A LPCVD Poly Emitter
8 min, 620° C, 200mT, and 50 scem SiH,
Emitter Drive-in = 900°C H, Burn
- 36u x 36u Emltter Area , ,
Poly | Poly _Mean Stand. | Mean | Stand. | 8(conl) | conl b/e
Wafer | Dose Anpeal Peak 8| Dev. Peak B8 Dev. | —- Res.
(em™3)| ~ Be2 11 sub | sub conl conl | B(sub) | (k)
V2 ||1x10%® | 1000°C || 56 2.5 128 | 4.2 23 | 03
V3 |{3x10'® | 1000°C || 78 0.8 | 233 13.7 | 3.0 0.3
Vs ||3x10'® | 900°C || 71 0.8 183 7.3 | 2.6 2.0
V7 {|1x10%® | 900°C || 73 3.1 41 85 | 06 35.8
~vs ||3x10%° | 800°C 51 | 1.2 36 133 | 07 102.5
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Table 3.5 - SUPREM III simulated device characteristics with various
doping concentrations and annealing temperatures for
" polysilicon contact of polysilicon contacted transistors.

Parameter V2 V3 V5 V7 V8 |

 Poly-contact
Thickness (A)

928 928 1342 1342 | 1463

* Junction base/emit || 0.15 | 0.16 | 0.09 | 0.09 | 0.09
. Depth
P base/coll | oo | 068 | 0.63 | 0.63 | 0.62
(A) _under emit :
Base Width (u) 053 | 0.52 | 0.54 | 0.54 | 0.53-
‘ ~ Effective '

Base Width (1) 038 | 037 | 0.43 ) 043 | 042

- t ||5.654 | 2,776 | 2,109 | 5,017 | 2,340
Sheet poly-contac . , 776 ,10 ,01 40_
| , emitter 1043 | 65.3 | 127.9 | 128.4 | 141.9
~ Resistance B . ,
‘(Q /D)‘ base-pinch ||5,987 | 6,065 | 4,134 | 4,134 | 3,071
"7 | base  []3,807 | 4,291 | 2,829 | 2,802 | 2,514
Built-in base/emit || 0.99 | 1.00 | 1.00 | 1.01 | 1.02
Potential (V) ' '
S base /eoll 071 | 071 | 072 | 0.72 | 0.72.
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Figure 3.12 SUPREM I simulated plot of net chemical impurity
concentrations versus depth into the structure of polysilicon
contacted devices with various doping concentrations and
annealing temperatures for polysilicon contact.
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depend on the doping concentratxon in the polysilicon gralns [32] This.
reduction in the resistance increased the maximum beta value of the
polysilicon contacted emitter devices by a factor of about 4.

The measurements of the contact resistance of the polysilicon contacted
- emitter devices with same arsenic concentration shows a stronger
dependence on the annealing temperature than on the doping coneetitration.
. Once the interfacial oxide is removed, the polysilicon contact layer plays ah'
- important role. The devices with 1000 ° C polysilicon annealing revealed that
'hlgher doplng concentration in the polysilicon contact layer generates a
hlgher maximum beta value and a higher beta enhancement than lower
doping concentration. This can be explamed by the fact that the dev1ces
with lower doping concentration have more trapping states resultlng from-
‘the high concentration of defects and dangling bonds at the graln

o boundarles resulting in the larger base current and reducing beta.

, By choosmg the right comblnatlon of doping concentratlon and’ the
annealmg temperature for the polysilicon layer, the maximum current gain
~and the gain enhancement over the control device can be maximized.. The
| process’ parameters of the wafer set V3 were chosen as the basns for the
: further process development ' '

,' aaz LISCVD a-8i/Poly Contacted Emitter

: The prevnous study of coupling the contact resrstance w1th the
maximum current gain allowed a more comprehensive . electrlcal.
characterlzatlon of the properties of the polysilicon /monosilicon 1nterface A
, good beta enhancement.from the polysilicon contacted emitter dev1ces over
' the control devnces was obtained with a low contact resistance. ' |

There is. some characteristics, such as grain size, that can not be

o predlcted well from the polysilicon layer. ‘Therefore, the polysilicon. contacted,—

emltter dev1ces would produce, even with .a controlled interface, a_ ‘wide
'range of maximum beta values on the same wafer when grain size and grain
boundarles play an important role. Controlled interface and the fine: grained:

‘ polysﬂlcon should lead to more uniform and predlctable beta enhancement

for. the polysilicon contacted emitter devices. ‘One possible method of maklng'
 finer -grain size of polysilicon ' is . depositing amorphous silicon. and -
reCrystalliring'i»t instead of directly ‘depositing polysilicon on the silicon
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substrate

, A dlﬁerent method of fabrlcatxng a polysxllcon contact ‘was: 1nvest1gated
'~In an LPCVD reactor, either polys1llcon or amorphous silicon’ (O!-Sl) can be, ,
depos1ted By changlng the deposition temperature, @-Si deposition was done .

. at 580° C whereas polysilicon deposition was done at 620° ' C. The eﬁect of - |

arsenic segregatlon and- grain size is examined by first annealmg samples at.
- 600° G, after arsenic 1mplant to make a fine grain s12e and establish the
.structure:_of the 1nterface A subsequent anneal at 800 and 900 ° C w1ll cause .

| arsenlc 't;"’ be actlvated in. the polys111con The key process parameters are :

‘__-25 mmute 1000° C wet oxidation .
© 3x10" /em? 25keV boron implant
: :’10 minute 1000 ° C wet oxidation
; 'A'l_'1x1015/cm 25keV arsenic implant
Sl mlnute 1000 ° C wet oxidation
' B f:;15 minute 580°C LPCVD a-Si depos1t10n
o '3x1015/cm 25keV arsenic implant
o 760 mlnute 600° C o-Si recrystallwatlon
e 10 mlnute 800—900 C wet oxidation .

Electrlcal characterlstlcs of the devices with the' abov'e' jpfocess.f L

: parameters are shown in Table 3.6. They are compared with the dev1ces of
the Wafer set 'V3 and V8. The control devices made with this process.
showed lower beta values than expected. This indicates the parameters for
the control dev1ces must have dev1ated shghtly such as shallower emltter“

- Junctlon depth in the substrate ‘ '

However, depos1t10n of a-Si by LPCVD and recrystalllzatlon seem to

remove the native interfacial oxide layer. The devices of the wafers V10 and
V11 had low contact resistances even with low temperature anneallng It is

o notlced that the maximum beta and beta enhancement of the deV1ces of the

’wafer set V11 are much higher than those of the devices of the wafer set V8.
This suggests that it is unnecessary to anneal the polysilicon contact at hlgh '
: temperature, i.e. 1000 ° C, in order to remove the interfacial native ox1de and‘

make a good contact, when a-Si deposition and recrystalhzatlon ‘is: ‘
performed Instead, the recrystallization of a-Si seems to “eat up or break,
, up the 1nterfac1al ox1de and make a good contact. R R
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‘Table 3.6 Compa.nson of polysilicon contacted devices with the contact. :
recrvstallxzed after LPCVD a-Si deposxtxon

1000A LPCVD Poly Emitter -
15 min, 580 °* C, 200mT, and 50 sccm SiH,
Base Dose = 3x10"%/cm® '
Poly Dose = 3x10'° /em®
- 36u x 36 Emitter Area

n-Si/Poly | Poly |{Mean |Stand. ‘Mean |Stand. ‘3(con'1)‘é,c31v‘11 b/e

Wafer ‘C ot Anneal Peak 8| Dev. |Peak 3 Devﬁ. R Res.

Sy s ~ 1 sub sub | conl | conl | 3(sub) | (kQ)
vio || 600*C |900°C|| 43 | 0.3 51 14| 12 | 03
Vil {|.600°C {800°C || 41 | 1.1 84 | 16.1 2.0 | .03

vs || N/a |sooc|| st | 12 | 38 | 133 | 07 | 1025
v3 {| N/ao |1000°cl| 78 | o8 | 233 137 | 30 | 03
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, SUPREM simulation for these fabrications was not performed becauae o
nelther SUPREM II nor SUPREM III had the capability to model process .

sequences that utilize amorphous silicon.

333PECVD 0-Si:H/Poly Contacted Emitter -

As mentloned earller, the interfacial oxide can be removed wrth hlgh

temperature annealing by realignment of the oxide layer or ep1taxral' o

reallgnment at the lnterface, while the oxide is believed to form small
lnclusmns,wrthln the realigned polys1llcon and near the original 1nterface_
Although‘this heat treatment will create a good contact, the oxide inclusions
are still existing at the interface and can act as trapplng sites for the
carrlers They also can contribute to the productlon of a wide range of '
maximum  beta values of the polysilicon contacted emitter devices.
Therefore, it is ideal to remove even the native oxide before dep051t1ng Oz-Sl
or polysilicon if pos51ble :

"In thls sectlon, a new fabr1catlon technlque which uses plasma etchlng ~
of ‘the shallow arsenic emltter location and without breaking vacuum,
deposrtlng hydrogenated amorphous silicon (a-Si:H) on the cleaned 1nterface
is” 1ntroduced This new technique can be accomplished with a Plasma
vEnhanced CVD (PECVD) system. By using PECVD system, either plasma
etch or plasma deposit can be done in the same system by changing the gas
mixtures and RF power levels. Several plasma etches are possible with
different etchants, such as argon, CF,, or hydrogen, in order to remove the
native oxide. For these experiments, only argon etch was attempted. A
detailed description of. how to operate the PECVD system is contalned 1n
Appendix F. '

With or without plasma etching,’ a—SlH was deposited in the PECVD
reactor at 5W or 25W. The a-Si:H is then implanted with arsenic and then
heated to 800 or 900° C to produce the polysilicon contact, i.e. produce the
polys111con and activate the arsenic impurities in the polysilicon. Again, some
wafer sets were heated at lower temperatures, 550-650 ° C, before the higher
temperature annealing to see if the low heat treatment would determine ﬁne
graln size and structure of the 1nterface ‘

~ The resultlng process sequence is as follows
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25 minute 1000 ° C wet oxidation
3x10"3 /em? 25keV boron implant
10 minute 1000 ° C wet oxidation
1){1015/cm2 25keV arsenic implant
10 minute 1000 ° C wet oxidation
some - Ar' plasma etch
5W or 25W PECVD o-Si:H deposmon
3x1015/cm 25keV arsenic implant

" 'some - 60minute 550-650 ° C dry oxidation
10 minute 800-900 ° C wet oxidation

Maximum beta, beta enhancement, and contact resistance of the"
polysilicon contacted emitter devices with PECVD o-Si:H deposi_tion are
shown in Table 3.7. The results indicate that, with 900° C annealing after
PECVD o-Si:H deposition, the contact resistance of the polysilicon emitter
devices becomes as low as that of the metal contacted devices. This implies
that the interfacial oxide is broken up and a reasonably good contact is
- obtained for the polysilicon contacted emitter devices. The polysilicon
contacted emitter devices of the wafer set Y5 showed the highest maximum
betz and largest beta enhancement among them. However, a large range in
the enhahced betas, on the same wafer or die, were still observed, whereas
the metal contacted shallow emitter control devices (sub) had a very tight
standard deviation in the maximum current gain. Complete removal of the
native oxide and the fine grained polysilicon, impregnated with hydrogen to
heal the surface states and dangling bonds, should lead to more uniform and
predictable enhanced betas. The statistical results of the measured peak
beta values for the wafer sets V3, V16, and Y5 are shown in Fxgure 3.13.

“With 800° C polysilicon annealing, the contact re51stance of the
polysﬂlcon ‘contacted emitter devices was usually larger and less beta
enhancement occurred as compared to those with 900°C. This can be
explalned by the existence of the unbroken native oxide layer. If the
1nterfac1al oxide was broken up as much as with 900°C anneahng, the
devices would have similar maximum betas and beta enhancement elther
with 800°C. or 900°C polysilicon annealing. The polysﬂlcon ‘contacted
emltter devices of the wafer set Y3, with 800°C annealing, showed low
contact resistance values indicating that the interfacial oxide was brokenv
up. This suggests that by optimizing the plasma deposition conditions of o-
Si:H it was possible to eliminate the plasma etch step altogether This
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Table 3.7 , Companson of poly5111con contacted dev1ces w1th t.he cont.act
- o recrystalhzed after PECVD O:-Sx H deposrtlon '

 ' 'ny‘O'c.ess"Sengnée Differences |+ Peak e’t‘a, |
. o-SiHDose:As"- 3x10"° cm™? o
Wafer| Deposition Step | ‘fo:-‘SiH Anneal conl | sub_ 3con1 /Bsub

V15 [PECDV (25W, 7min)| 800°CH,Burn  |621|540| 115
V16 |PECVD (25W, 7min)|  900°C H, Burn - |200.4|/69.1 |  2.90
V17 |PECVD (25W, 7min)|650° C/800° C H, Bur_n" 98.4 | 63.7  1.54
V18 [PECVD (25W, 7min)|650 " C/900° C H, Burn |180.6|79.2 |  2.28
V19 [PECVD (25W, 7min})|550* C/800° C H, Burn| 86.4 | 57.2 |  1.51
V20 |PECVD /w Ar* etch |650° C/800° C H, Burn|105.9{56.39| -~ 1.89
Y3 |PECVD (SW, 10min)| ~ 800°C O,  |128.4|77.7| 1.65
Y5 |PECVD (sW, 10min)|  900°C O, 293.6{83.4 | 352
71 PECVD/w Ar*etch| 800°CH,Burn _ 83.7 | 765 109
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1 , _{
o Ys-subv '
1 T ' | |
{1
V18i-36-sub
v3-ii-36-sub ’ : Peak
' : beta
- t + 1 —
60 70 80 90 100
(2)
. o -]
Y5-1¢6n
V168i-36-1con
| 1 |
L v3-ii36-1con : ' Peak -
o : ' L ‘beta -
100 : 2_00. . ‘ 300 - : ,400

(b)

o :Fxgure 3.13 - Statistical plot for the companson of measured peak beta from
wafer sets V3, V16, and Y5 (a) sub and (b) leon.
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should- be'i‘nve'stiéated in the future. The statistical results of the measured |
peak beta values for the ‘wafer sets V3, V15, and Y3 are shown in Flgure"‘.
3. 14 : :

Some wafer sets, V20 and 71, ‘went through the plasma etch w1th argon'
vbut did not give any better results than those without plasma etch.  The -

plasma etch ‘with argon apparently must have créated damages on the wafer: .

surface and reduced the beta enhancement.

, Here, ‘the low temperature recrystalllzatlon of a—SlH did not make a
notlceable dlﬂ'erence in the electrical characterxstxcs of the devices. Instead
‘the hrgh temperature anneal seems: to play a major role in decldlng the '
.characterlstlcs of the devrces

3.4 Tradeoff BetWeen Enhanced Gain and Base Dop‘ing

As mentloned prev1ously, polys1lxcon contacted emitter tran51stors have‘ |
| several advantages over conventional metal contacted shallow emxtter' ‘
tran51stors for scaling to small geometries. One of the problems- of scalxng ,
'down a conventlonal bipolar transistor is current gain degradation whxch
- occurs as the vertical dimensions of the devices are shrunk [39]. This is a
result ﬁrstly of the increased minority carrier gradient in the shallow emltter'
of the transxstor [40], and secondly of the increased doping required in the
,narrow base region of the device in order to prevent punch- through 39, 41]

In order to maintain a reasonable gaxn, a lower active base doplng level is
therefore ' required. However, thxs increases the base resistance of the-
'translstor and can lead to a degradat1on of the cxrcuxt performance.

In contrast for a polysxllcon contacted shallow emitter transistor, very .
high current gain can ‘beachleved without compromising base resistances
‘and thus circuit performance. Depending upon the surface treatment p,rlor to
polysilicon deposition, the gain can be enhanced over a comparable
conventional transistor. This allows the active base doping level to be
“increased significantly over that of a conventlonal transistor and the gain
enhancement to be traded for a decrease in the base res1stance, resultlng in
~ an improved circuit performance[39] ‘

In this section, it is investigated to what extent the enhanced gain
| obtamed from a polysilicon contacted emitter devices can be traded for a
reduction i in the base resistance of the transistor and, hence, for a potentlal :
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Y3-sub

a K

V15i-38-sub
v3-ii-36-sub . Peak
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r t— ] t t £ —
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(2)
Y3-icon
 V15i-36-1con
% i : .
_ v3-ii36-1con Peak',‘ .
. beta
— - $ |
) 100 - 200 300
(b)

Flgure 3.14 Statistical plot for the companson of measured peak beta from
wafer sets V3 V15, and Y3: (a) sub and (b) 1con. .
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improvernent in circuit performance An attention is given on the polysilicon
‘contacted emitter devices without the interfacial oxide layer at the
polysrhcon/monosﬂlcon 1nterface, since this type of device has been shown to
exhibit - the current gain enhanced by a factor of about three over a
‘conventlonal trans1stor, yet can be consistently reproducible.

_ “With the exception of the boron implant for the base reglon, process
parameters were identical for all devices fabricated in this experiment.  In

order to produce devices with a range of base doping levels, various: boron
‘doses ranglng from 3x10'% to 8x1013/cm were implanted. They were
implanted at an energy of 25keV after etching the base region. The emitter
was 1mplanted with arsenic at 25keV. Pl‘lOl‘ to polysilicon depos1t10n on the
emltter of the polysilicon contacted emitter transistor, the interfacial layer
treatment was carried out. This consisted of BHF etch to remove all the
oxide from the silicon surface. Immediately following the surface treatment
the wafers ‘were loaded into the LPCVD reactor, and approxnmately 0.1y of
undoped polysﬂlcon was deposrted The polysilicon was then implanted with
~arsenic. ‘:Thns was followed by wet oxidation at 1000°C for 10min for
annealing On completion of annealing, the polysilicon  thickness was
expected to decrease but not a significant amount. The SUPREM 11
sunulated ‘device characteristics with various base doping concentratlons are
shown in Table 3.8 and the SUPREM III simulated plot of net chemical
1mpur1ty concentratlons versus depth into the structure for those dev1ces 1s
shown in Fi 1gure 3.15.

. In order to characterize the electrical behavior of these dev1ces,
collector and base currents were measured as a function of the base-emitter
voltage for a number of devices on each wafer. Also, maximum current gain,
peak beta, of both types of devices and beta enhancement of the polysilicon
contacted emitter devices were obtained from them. As expected, increasing
boron impurity concentration in the base has the effect of increasing the
base Gummel number of the transistor, and the collector characteristics for
these devices were seen to have the downward shift. ‘

Also, an increase in the base current of these transistors was seen
aceompanymg ‘the decrease in the collector current. This is mainly due to
the reduced emitter injection efﬁclency with increased base doping. As a
result, a con31derable decrease in maximum current gain was observed with

increasing base doping as shown in Figure 3.16. The result is consistent with

the results obtained by Cuthbertson and Ashburn [42]. One possible
explanatlon for the observed i increase in base current could be an mcreasedj _
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Table 3.8  SUPREM III simulated device characteristics with various base
o - ‘doping concentrations for po}lysilicbn contacted devicés. ‘

Parame_t.er ol vs | owe W7 ws

‘Poly-contact
Thickness (A)

* Junction | base/emit || 0.16 | 0.5 | 015 | 0.15

928 | 928 | 928 | 928

Depth | base/coll
; s 68 0.71 0.72 0.74
(A) under emit 0_ f
‘Base Width (u) ~ 0.52 | 0.56 0.57 | 0.59
Effective

Base Width (u) v :
' poly-contact ||2,776 | 2,777 | 2,777 | 2,778

L Sh_eét"

emitter 653 | 65.6 | 65.7 | 66.0

- ‘Resistance

- base-pinch || 6,065 | 3,578 | 3,012 2;325
: T base 4,201 | 2,659 | 2,272 | 1,793
~ Built-in | base/emit || 1.00 | 1.02 | 1.02 | 1.03
~ Potential (V) -

base/coll || 0.71 | 0.72 | 0.73 | 0.74 -
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Figure 3;15 SUPREM III simulated plot of net ‘chetnical impurity

concentrations versus depth into the structure with various
base doping concentrations: (a) sub and (b) lcon. '
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carrier recombmatnon in the neutral base region of the device. For

conventlonal hlgh-performance bipolar transistors with moderately “doped -

base. regions (N,<10'7cm™ %) and narrow base widths, this base current
: -éomponent is genérally considered to be insignificant compared with the
back-injected hole current into the emitter. However, since in these devices
the base doping densities are well in excess of this value, the minority carrier
lifetime in the base will decrease more rapidly w1th base doping (NNA %)
because of Auger recombination. : '

Since the collector current is approximately proportional to the base
sheet resistance, the beta enhancement of the polysilicon contacted emitter
transistor can therefore be traded for a proportionate decrease in its
intrinsic base sheet resistance. Therefore, the devices which have almost the
same current gain and lower base sheet resistance can be achleved by
1mplement1ng the polysﬂlcon contacted emitter device.
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- CHAPTER IV
ELECTRICAL MEASUREMENTS

Electncal measurements were performed on the polysilicon contacted
emltter dev1ces and the conventional (control) devices. The final process
results were obtained from devices bonded into dual-in-line packages (DIPs).
The electrlcal connectlons from the device to the DIP are ‘made with
ultrasomcally bonded 1 mil. aluminum wires. Packaging the devices results
in much more reliable electrical connections during testing, and thus ylelds'
much better (consistent) test data than data obtained with the probe
“station. - : »

‘A test station was designed using a HP4145A Semiconductor Parameter
Analyzer'with a reconditioned probing station. All the process test data
were recorded with the HP4145A controlled by a HP9845A desk top
‘computer. The control program used to take data points was a modified
version of the UNIX2 program originally written by Jeff Shields at Purdue
University. This program gives the power supply in 0.01V increments from 0
to 1V to measure the forward bias I-V curves. Reverse bias testing down to
-100V with decrements of 0.01V per step was also available.

The program automatically takes the I-V values and beta versus Ic
data and loads them into a designated file on the UNIX ECN network for
plotting etc. Then the results can be compared between ‘the polysilicon
contacted emitter devices and the conventional devices. '

» In order to show a typical set of I-V curves for the junctions and
transistors, examples of test results were extracted from a 36y x 36y emitter
~ device of the wafer set V3, quadrant ii on the wafer. This is denoted by

"V3-ii-36". Each device also has a label. "Sub10" means the 10th device in
~the array of conventional metal contacted devices: whereas. "1con12"'
indicates the 12th device in the array of polysnllcon contacted emltter :
dev1ces S :
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From this data, I, res, I.po, Veps 7 for the base-emitter junction, I, res,
Tebos Vebos 7 for the base-collector junction, Ve, and max beta are
extracted

The saturation current or 1deal leakage current I, is extrapolated from
the ideal region in the forward bias I-V curve. I is equal to the point where
the ideal part of the I-V curve intersects the current (vertical) axis.  The
ideality factor, 7), is also calculated from the ideal region in the forward bias
I-V curve by taking the slope of the ideal region. The ideality factor was
calculated as

(kgT)/q x In(10) 43
(slope of log;o(Ic) versus Vgg)  slope o

The resistance value can be calculated by either dividing the voltage
difference between ideal and actual curve at a certain current value or
dividing a certain voltage value by the current difference at that voltage.
This must be calculated at the current or voltage value where the ideal
current is larger than the actual current value. For our measurements the
first method was applied. Figure 4.1 and Figure 4.3 show forward b1as I- V-
curves for the base-emitter and the base-collector junctions. S

The breakdown voltages of the. base-emitter and the base-collector
‘junction, Vg, and Vg, respectively, are measured from the reverse bias I-V
‘curves. The breakdown voltage was selected when the reverse bias current
exceeds 1uA. The reverse bias leakage currents of the base-emitter and
base-collector junction, Iy, and Ly, respectively, are also measured from the
same curves. The reverse bias leakage current was selected at a certain
voltage value between zero and the breakdown voltage. Reverse bias I-v
curves for the base-emitter and the base-collector junctions are shown in
Flgure 4.2 and Figure 4.4. '

» The collector-ermtter breakdown voltage with the base open, Veeor 18
obtalned from the I-Vcg plot, particularly from the curve with the base

current equal to zero. Vi, is selected when the collector gets above 1mA.
IC'VCE curve is shown in Figure 4.5. ‘

The current gain, f, is calculated from a Gummel plot, I¢ and Iy versus.
. VBE- A Gummel plot is shown in Figure 4.6. The values at very low current
are. sometlmes erratlc ‘due to instrument error and they ‘should not be
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conside'red'meaningfu] Ideally, the collector and base current should be
>paral]el and should have same slopes. As I increases, however, the Ig curve
deviates from ideal. This effect is due to a large series’ resxstance in the )
collector, and beta drops off rapidly as I; increases above certain values.
Beta is obtalned by calculating the vertical distance between - these two
curves at each ‘tested Vpg value and plotted as shown in Figure 4.7. The
peak beta i is obtained from this plot. Examples of these values are shown in
Table 4.1. They were chosen from the wafer set V3. All the values
described above were obtained for both polysilicon contacted emltter devices
and conventional devices. Mainly the peak beta was compared’ s1nce the
maln advantage of the polys111con contacted devices is a gain enhancement
' Other were also 1nspected to see if the fabrication of the devices was good in
general : ' ‘

 The low values of 7 and L ‘indicate that the number of recomblnatlon
centers, or defects, is low and that the fabrication technique is good. The
low resistance (< 0.3K(2) of the polysilicon contacted emitter devices implies
‘that the polysll1con/s111con interface was as clean for the polysilicon emitter
. contacted devices 'as that of the metal contacted devices. This leads us to
believe that the interface for the polysilicon contacted devices is free of any
oxide. Hence the direct comparison of the betas between two devices can be
made With little discrepancies. The conventional devices almost always have
good contacts and show low resistance values. '

Four sets of parameters can be used to compare the experlmental
results with the SUPREM 1III simulated results. These parameters are the
oxide thickness, the sheet resistance, the base width, and junction depth.
The comparison is shown in Table 4.2. The experimental oxide thicknesses
were determined using Nanometrix optic measurement device and Dektak
stylus by Delco Electronics. The sheet resistances were measured from the
test resistors, and the base width and junction depths were measured using -
Spreadmg Resistance technique by Delco Electronics.
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\\/[%easured devnce characterlstxcs of tran31stors 1n the wafer.féet,.

_basefemitter * _ base/collector - e
© eta res  Veb0 leb0  Is  eta res  Veb0  Ieb0  max  Veeo

. s kobms @luA . Azps - Amps kobms @1tuA A.n:ps . beta - @1lmA
,’vs-u-xac- bl 15e1s 1.08 02 840  2.90e12 S.le15 1.07 0.3 - 51.00 117.-,10'.701 §1.22 .
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Table 4.2

Comparison of JUDCthD depth base width, sheet resxstance,
"~ and oxide thickness between SUPRE\/I III simulation 'and
Sl measurement for the wafer set V3.
Parameter Measurement | SUPREM
| ?ﬁ’félil’l?i; 1054 28 .
" Junction base/emlt O.IQ | 0.16
_ Depth '
(z) i ul;ac'lseer/:;gt 0-30 0.68
Base Width (u) 0.20 0.52
Sheet;‘ - poly-contact 5,870 2,776 N
Resistance' |  emitter 150.0 1 65.3
Q/D) base-pinch | 28,700 _ 6,065
* Oxide initial oxid. 2364 2625
'Thickness | base diff.” 1198 1410
(&) | emitter diff. 398 423
- after poly-anneal | 1453 1300




: CHAPTER V ' .
CONCLUSIONS AND RECOMMENDATIONS o
FOR FUTURE RESEARCH

51 Co{n‘clusions

o This research was concerned with design and fabrication of polysilicon
;c_ont:acted shallow- emitter bipolar transistors. The emitter of the transistor
is cnmposed of both 2 polysilicon region and a monocrystalline silicon region.
- The use of polySIllcon as the material contacting the emitter is responSIble '
for a hlgher current gain than that of the same device with a conventlonal
alumlnum contact. Essential to the process development was the formatlon
of a shallow emitter junction depth and a narrow base w1dth Also a low ,
base emltter contact resistance was desirable. '

Enhanced beta of a polysmcon contacted dev1ce over a conventlonali ,
: dev1ce was achieved only with a shallow emitter and a narrow base width.

These condltlons were satisfied by determining the appropriate lmplant
| spemes, dose, and energy for the base, emitter, and polysilicon ‘contact. -
Theyalso required the high temperature processes to be minimized..
Implants for all species were done at the energy of 25keV for producing
narrow but good metallurgical junctions. Arsenic was chosen as the emitter
" dopant because of its higher solid solubility and lower diffusion rate as
‘compared to phosphorus.

The low base-emitter contact resistance resulted from a series of
experiments which investigated the effects of the polysilicon/monosi__licon
‘contact scheme on polysilicon contacted device performance. These
experiments demonstrated that high temperature annealing of the polysilicon
contact was an effective technique to reduce the base-emitter resistance,
which implies breaking up the native interface oxide layer. In particular,
with 1000°C anneals of the polysilicon contact, after polysilicon deposition
“by LPCVD, the polysilicon contacted devices showed lower base-emitter
resistances. They also successfully produced beta enhancement of a factor of



-three over conventlona] metal contacted shallow emitter devxces

The standard deviations of the peak beta values of the polysxhcon
contacted emitter devices were reduced by depositing a-Si:H in a PECVD
reactor, followed by implanting with arsenic, and then annealing 1t to form’
the polys:llcon The result was the capability of fabricating con51stently :
reproduclble polysilicon contacted devices. - With 900°C annealing;, the
polysilicon contacted devices, with low base-emitter contact r‘esistance,‘
produced very compact peak betas that are enhanced three times over those
of ‘the conventional devices. With 800°C anneallng, the polys111con‘ |
~ contacted emitter devices showed beta enhancement of a factor of two over
" the conventional devices. This reduced beta enhancement might have been
caused by the interfacial oxide layer that was not broken up. Once the
interfacial oxide layer is broken up removed completely, higher beta
enhancements are expected even with low temperature (SSOO °C) annealing.

, Two other experiments were performed. As an effort of cleaning the
1nterfac1al oxide layer, in situ etching was attempted with Ar* gas. before o=
- Si:H- deposntlon in PECVD reactor. Also, the dependence of beta
' ‘enhancement of the polysilicon contacted exmtter devices on base doplng
'concentratlon was 1nvest1gated

' 5;:,2Eilf?‘.eco»fn'rnendations for Future Research

" The investigation described in this research has laid the foundations for
addxtlonal work into the study of the polysilicon contacted, shallow emltter
blpolar tran51stors In particular, additional investigation needs to be done
in the area of fabrication 1mprovements and reﬁnements

Although the polysﬂlcon contacted devices fabricated w1th the process '
sequence developed here are state-of-the-art, improvements are  still
’ d'esirable - For example, a completely ‘"clean" polysilicon /monos1hconr
1nterface will produce consistently reproducible polysilicon contacted devices
with good predlctable beta enhancement. For this improvement, H2 plasma’
etchlng seems promising because it may passivate some of the surface states
and reduce the effects due to plasma etching. It is also beneficial to have H,
- in the polysilicon since it reduces carrier recombination at the grain '
boundaries. The hydrogen ions will bond the dangling bonds and defects at
the silicon-oxide interface and at the grain boundaries reducing number of
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traps, which reduces the surface leakage currents.

A “clean" polysilicon /monosilicon interface may be achieved by just
using an improved set of optimized o-Si:H deposition parameters with
PECVD. These parameters consisted of the RF power level, substrate
temperatﬁré, pressure, and silane con_cexitration used in the glow discharge
deposition technique. With a "clean" interface, the characteristics of
polysilicon contact will have a large effect on the device pgrformancé. que
thorough ‘rvgs‘ea:rc‘h, may also be required on the electrical properties of '
polysilicon and its dependence on the grain size, processing temperature,
~ doping concentration, density of the trapping sites, and grain boundary
barriers. ' '
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 APPENDICES .

| Appendle. Cle#ning- Prbce_.d‘ures

. The following list contains the procedures for processing cliean-ups used -
throughout the fabrications. Procedures for initial wafer clé,gin, processing -
and equipment clean, and' positive photoresist'clean are listed below. The
- cleaning _:_sqlvé,nts are low sodium MOS grade acetone (ACE), trichloroethane
(TCA), and methanol (METH). Abbreviations for other process chemicals
~are: deionized water (DI), and buffered hydrofluoric acid, NHHF, 6:1

(BHF).
Imtlal w;,fer- Clean

1) Soakln H,0, : H,S0, (1:1) for 10 min.
~2) DI rinse (10 times). R
3) N, blowvd;ry. '

Equi‘p:ment' Clean (Ultraclean) for Tweezers

1) * Soak 5 min. in ACE in the USC.

2) Soa.f‘l;;v.S_:;min.' in TCA'in the USC.
3) Sosk 5 min. in ACE in the USC.

4)  Soak 3 min. in METH in the USC. -
'5) DI rinse (10 times). L
6) N, blow dry.
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1350J or 1350J-SF Positive Photoresist Clean

1)

2)

1)
5)

6)
7)

Soak 1 min. in ACE in the USC.
Soak 1 min. in ACE in the USC.
Soak 1 min. in METH in the USC.
DI rinse (10 times). ‘

Soak in H, : HySO, (1:1) for 10 min.
DI rinse (10 times).

N, blow dry
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lAppendi:)lc,_B:_ Chemical Etches

) T_h_‘is‘ section contains ‘the chemical formula and » hemical etching '
-pro‘cedures Etches for .5i0,, polysrllcon, and amorphous silicon: are llsted«_ :
» Etch rates and maskmg materlals are stated and any exceptlons noted

» 'Silicon Dioxide
1) Etchant o
- Buﬂered Hydroﬁuorlc Acid (BHF) -
| NHHF (6:1)
' 2) Etch rate _~1100A/m1n -

~3) Mask.,g any positive or negative photoresist -
‘.Note Batcli "et.chlng can be done with the wafers loaded vertlca'lly into a -

'cleamng boat Agltatlon is- good to provide good etchlng in small holes
(NIO/L) Use ‘only ﬁuoroware or polypropylene equlpment Wlth BHF '

Poly an’d Amorphous Silieon

1) Etchant :

47 ml DI '
5‘ ml HF:

2) Etch rate : ~75A/sec. v S
; 3) Mask AZ1350J or AZ1350J-SF posrtlve photore51st

o Note : good on all thxckness of polysﬂlcon and amorphous s1hcon ﬁlms,’ :

7 excellent shelf llfe, etched patterns sharp to =~ 1.5u. wait 2 hrs. after fresh
~mix for etchant to stabilize before use, Wlll etch SiO, sl1ghtly
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~ ,Appendix C: _Photolit‘h‘ograph’y Proc‘edure

Tl’]lS sectlon contains. the procedures for the apphcatlon, exposure, _and
development of positive photoresist.. The pos1t1ve photoresrst is. Shlpley
AZ1350J or. AZ1350J-SF The mask allgner used is a Kasper 2 contact mask
.'ahgner The photomasks used are 21 /2 emulsron plates ' RN

" Positive Photoresist Procedure

1) ,‘hard‘ bake @120 ° C for 10min.
2) | Set re51st splnner to 4000rpm and 30sec.

U 3)- “Place wafer on spinner. and N, | blow off the d1rt

~4)  Apply Shipley AZ1350J or AZ1350J-SF positive photoresist. o
5) ‘ Spin'vwafer - resulting re‘vs'ist is ~1.5u thick. '
6) Soft bake @80° C for 15 min. ’

u-?).jj‘:-;,vStart ultrav1olet lamp on mask allgner - warm up 10 min.

. 8). Allgn photomask to wafer . .
E 9) ‘ 'Expose photoresist - exposure settmg at 12 0 (about 97 sec)
- ) Develop photore51st _ o S '
o _ - 1 1 AZ developer DI for 50-903ec
o 11) DI rlnse - IR '
: 12). Ny blow dry (not too strong)
' 13) Inspect pattern clean and repeat 1f necessary
- 14) Hard bake @120 C for 20m1n
'15) Etch materlal '

16) Remove re31st as outhned in cleanlng procedure .

:Apply HMDS on wafer in vacuum Jar for 10m1n under reduced
_pressure after step ( ) 1f amorphous silicon was depos1ted

Note H
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Appendix D: Oxidation Procedures

“This section contains the procedure and settings for thermal oxidations
and anneals. The furnaces can be used in either manual or automatic mode.
The ~manual mode is hand timed, while the automatic mode is
"micropro‘cessor,controlled-. For our process, only the manual mode was used.
The furnaces are 4" Tempress radiant heated furnaces with regulated gas
flow. The procedures below are step by step instructions to ‘pet"_'fOrm the step.
Timing information for the oxidations or anneals is contained in the
. complete vpfoces‘s sheet.

~Dry Oxidation

1) Furnace tubes #1, #4, or #5 can be used. _

2) Set the furnace temperature - wait for stabilization (> 30 min.).

°3) -,:Ope‘i;_-...o2 bottle and set the regulator to ~26.

4) Open O, overhead regulator and set it to ~15.

5) Set N, flow rate to 50 on the flow meter'(stainless‘ steel ball).

6) Set the swit_ches for Oy and N, on the back panel termanual.

7) Set O, flow rate to 90 on the flow meter (black glass ball).

8) Reset the control switches to center off posmon

9) Purge the furnace with O, for 5min.

10) Use the elephant to take the wafer boat out of the tube.

11) Load wafers on the wafer boat with shiny side inward the elephant,. :
12) Push the wafer boat into the tube from the elephant '

13) 3 min. push of the boat to the middle of the tube.

| 14) 2 _mixi.:N2 purge.

15) Set the switches for O, and N, to manual.

'16) Oxidize in dry O, - keep the flow rate to 80 (black glass ball).”

17) Return the switches to center off. o
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18) 2 min. N2 purge. :
>19) 3 min _pull of the boat in N2 out of the tube

) Unload wafers and replace the boat.
. 22) Back off O, overhead gas regulator
) 23) Close 02 cylmder '

H, Burn.'dxidation (Wet Oxidation)

1) | Furnace tube #4 can be used only..

. 2) _SSet the furniture temperature wait for stabilization (> 30 min. )

v‘ 3) Open 02 bottle and set the regulator to ~26.
’ o 4) ) Open H2 bottle and set the regulator to ~15.
o 5) Set the overhead gas regulators to 15/8 for 02/H2 respectwely

6) | Set the control sw1tches of 02 and N, on back panel to manual .
. 7) ‘Set O, fiow rate to 90 on the flow meter (black glass ball)
8) Set. the control switch of H, to manual. o
: 9) 'l'vSet H, ﬂow rate to 90 on the ﬁow meter (black glass ball)
| 10) 2 mln purge of the tube w1th burning H2 B
»11) Set the control sthch of Hz to center off B -
12) Use. the elephant to take the wafer boat out of the tube.
13) Load wafers on the wafer boat w1th shmy side mward the elephant
_ 14) Push the wafer boat 1nto the tube from. the elephant ' '
| V_15) 3 min. push of the boat to the middle of the tube |
~186) Set 02 flow rate to 60 (black glass ball)
‘ 17) 2 min. dry oxidation (for stablhzatlon)
) Set the control swrtch of H2 to manual
'19) Measure the oxidation tlme (keep the ﬂow rate)
20) Return all control swrtches to center olf :

“ 21) 2 ‘min, Nz purge
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~ 22) 3 min. pill of the boat in N, out of the tube.

23) Unload wafers and breplac.e the boat in the tube.
24) Back off the overhead gas regulators for O, and Hy.
25) Close 02 and H, cylinders.

- Nitrogen (N,;) Anneal
1) Furnace tube #8 to be used only.

2) Follow the steps 4-22 of dry O, oxidation, substltutxng N2 for 02 No

need to turn on oxygen at all.
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Appendix E:LPCV_D Operating Procedu‘,r}e» |

The Low Pressure Chemical Vapor Depos1tlon (LPCVD) of polysxllcon is’

vperformed in a mlcroprocessor controlled vacuum pumped radnant heated

: quartz furnace

LPCVD"Operation. |

':,1)

| ;,".2.),

Set the furnace temperature proﬁled for 580 C to 710 C

"Back : +59.1 = 608°C
-Cen_ter :'601.0 = 600° C
. Front : +46.3 = 592 °C

'Change the wafer boat, if necessary ,
T here are correspondmg wafer boats for 3" and 2" wafers

' _Turn on the pump system by pressing black button on the overhead

‘ 4)7”’"Open N, and AUX Air gang valves on the overhead control cabmet'

~‘(vertical position).

6)-
g

9)
10)

Sw1tch 1,2, and 3 up (ﬂood tube w1th N2)

~»Check ‘the pressure of the tube. S
When the pressure is > 760 Torr, the system is ready for loadmg

.

Open the loadlng door, pull out the wafer boat and load Wafers
Push: the boat to the. center of the tube ' ' '

.f.Push untll the push-rod end ahgns to the square entrance

Close the loadmg door - make sure the ﬂap is all the way down :

‘Open SlH4 and N, pump/purge valves in the control cabmet overhead

,(vertlcal posrtlon)

Open- N2 cyllnder, set N2 to 32 psi (usually set)

o .‘Swrtch 17 down, set the ﬂow rate to 10 on the ﬂow meter, and sw1tch 17
~back up. ' ‘ :

" 1[25

p,Open SIH4 cyhnder v
- ‘Regulator for the tank is always set (Do not change)

SW1tch 1, 2, and 3 down (stop all N, ﬂow)



14)

15)
16).

1)

18)
19)

107

Turn the key to 'EXAM LOAD’ and then to ’AUTO’.

Ch'ang‘evthe 'controller program at this time,:if ne'cessa'ry” B

Set SlH4 mass flow controller to desrred ﬁow rate (50 sccm)

'Select program # (#1) and press 'SYS RESET’".
vT.urn the key to ’MANUAL’_and then to 'RUN’." "
;Tu"rnv\ the key svv,itch:frorn. 'MANUAL’ to ’A_UTO’.-

Now the deposntlon is proceedlng under. mlcroprocessor control and if

the program aborts for any reason, immediately turn off the SIH4 gang valve

o Check the system to determine what caused the malfunction. -If the abort i 1sv

due to a programmmg fault, then check and.correct the program. However, .

ete..

~ "if the fault is mechanical in nature (1 e., valve, pump, mass ﬂow controller,

), then contmue to purge the tube and pump housing with N, and alert;

‘lab personnel to determine exact cause and potential hazard.

,720)
- ,'pump/purge, N2, and Aux Air gang valves) in the control cablnet’

21)

22)

23)

24)

When vthe process ' is - completed, close all 4 switches (SiH4, N2‘

~overhead
Close SIH4 and N2 cy]mders ‘
Turn the key from ’AUTO’ to 'MANUAL’, then press ’SYS RESET’

-Open the loadlng door, remove the boat, unload wafers, replace the"'

boat to the center of the furnace tube, and close the loading door. |

Turn off the pump system power by pressing red»bu,tton on‘ overhead,' 3
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» Appendix F: PECVD ;Ope_rating; Procedure |

Plasma Enhanced Chemlcal Vapor Deposntlon (PECVD) has been used;_'“
‘ for more than 50 years to form metallic, semlconductlng, and 1nsulat1ng thln
film for a variety of applncatnons The use of a radlo frequency ' (rf) glow

' dlscharge has become an attractlve method for carryxng out low temperature_i -

CV'D, because the development of low-temperature processes. has - become‘-
,~essent1al to the continuing development of smaller, faster sohd—state dev1Ces"

- and circuits. “'In PECVD, “high-energy electrons break chemical bonds,;,

- 'thereby promotlng chemical reactions at reduced temperature and allownng»'
o temperature to be used as a- varlable to tailor film properties. -

_ Thxs sectlon contains the procedure and settlngs for deposntlng a-Si: H
f : us1ng PECVD technnque '

| Pre.-vl)epo‘sition_ Set-Up

c 1) Inspect overall system 1ntegr1ty : _
s “j,.,;_Insure plugs are positioned an wall sockets for the Plasma Etch‘ )
. Unit. (PEII-A), the Plasma. Deposrtlon Unit (PDII—B) the- Exhaust_
.. Heater Controller (EHC), the Exhaust Valve Controller (EVC), and'f

. the Pump Switch Assembly.

Also, insure that the gas and exhaust llnes are 1ntact and not'
klnked and that the pumps and water llnes are not leaknng

2) 'vOpen N2 cyhnder and set the regulator to ~3 psi.
Make sure N, : makes bubbhng through the water.

" 3) f'.Open the House N2 valve, All‘ valve, and Water Supply and Return
Llnes ' ' . - ,

, 4) '-Insure that the Ar tank is open (normally 1t is open) If not open 1t
: 5) ; Turn on POWER on the PEII-A EVC and EHC. L

e 5 6) - Set’ the EHC to 6 on A the left switch (coarse control) and 4 on the rlght

',;_‘}_swntch (ﬁne control) located under the table, i.e. 6 /4.

7) Turn on ‘the mechanxcal pump and the oil ﬁltratxon pump

8) Push on the HEATER on the' PDIL-B and set. the temperature to a |

desxred value (275 C for a—Sx H deposltlon)
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f.Open the VENT valve on the PEII—A

Wait for about 10 sec. until the pressure becornes atmospheric pressure :

_and the top chamber lid is loose. Then close the VENT valve.

10)
- center. Then close the lid.

”Insure the EVC control switch is set to 'OPEN' and open the: SOL’'N
valve. : L

11)

9

Open the chamber lid and place wafers on the plate concentrrc to the

When the pressure becomes ~0.5 Torr, open GAS 2 (Ar) and set the Ar
flow rate so that the pressure becomes ~200 mTorr.

"~ Wait for the temperature to stabilize to 1ts set value (275 C here). It

vtakes about 30 mlnutes

| OZ—SiF:H' Déposition v

1)

5)
6)

n

Insure the PDII-B /PEII-A sw1tch on rear of the PEII—A is set to PDII-A

. (toward the left wall)

Set the DISPLAY CHANNEL to 3 on the PDII-B -
Press SET PT/READ switch to SET PT (upward) and adjust SET PT

~screw for correct scem flow (40 scem here) on the dlsplay

Carefully open the SiH, gas line and cylinder.

Switch off the GAS 2 (Ar). v

Switch on the GAS 1 (SiH,) when the pressure becomes ~100 mTorr
Sw1tch on 3 (green light) on the PDII-B. '
Change the EHC setting to 5/6.

Set» the EVC control knob to AUTO mode.
If the pressure is different from the set valve, adjust the pressure to the
desired value (400 mTorr here) using the controller on the EVC..

Turn the power knob fully c.c.w. and turn on the plasma power.

~Turn'the power knob c.w. to set to the desired power level (5W here).‘

Wait the desired time for deposition.
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Shutting Down the System

1)

2)

Turn the power knob fully c.c.w. and turn off the plasma power

» Turn the EVC control knob to OPEN and turn off the switch 3 on the"

.. PDII-B.

| 3),.

5)

‘When the pressure reaches about 100 mTorr, turn off GAS 1 (SIH4) and'.
‘turn on the GAS 2 (Ar) . ‘
’,'Then increase the Ar flow rate until the pressure exceeds 0.5 Torr -

9

Close SiH, gas line and cylinder.
Turn off POWER on the PDII-B.

Wait for 25 mlnutes or more. This is extremely important purge st.ep'"

‘Turn of the GAS 2 (Ar).

L Open the VENT valve and wait for about 10 sec.

8)

9)

" Close the SOL’N valve.:
7

Wait for about 30 sec. and close the VENT valve. v
‘Open the chamber lid, unload the wafers, and close the charnber 11d

Cleamng the chamber - Refer to the next sectlon
Open the SOL’N valve.

g .Walt until the pressure does not drop any more (< 100 rnTorr)

' Close the SOL’N valve
10)

Turn oﬂ" EVC EHC, 'mechanical pump, and PEII—A

_Close N, valve, Air valve, and two Water lines.

B Close N2 cyhnder _

y

2)

: Cleaning the Chamber

Set the PDII—B /PEII—A swntch on the rear of the PEII-A to PEII-A

Open the SOL'N valve. ;
When the pressure becomes ~0.4 Torr, turn the EVC control knob to

- AUTO.

. é)
o)

: Open’ 02, CH4 cyllnders

-Turn on the GAS 1 (O, and CH4 mixture). -
' __:Adjust the flow rate s 05:CHy = 1:4 (7:28 on the flow meter)



7).

8) , o
~ Turn oﬂ" the GAS 1.(O, and CH, mixture) and turn on the GAS 2 (Ar)

111

Tux_‘n the power knob fully counter-clockwise.
Turn on the POWER on the PEII-A.
Slowly keep mcreasmg power fully thhout makmg a flash in the

' Vchamber

6)

The power will i increase as the plasma etches the chamber.

Wait until the power becomes about 497 watts.

‘Turn the power knob fully counter-clockwise
" Turn off the POWER on the PEII-A.

Turn the EVC control knob to OPEN
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Appendix G: Metallization Procedure (Auto Mode)

In this research, metalization was performed using Perkin-Elmer RF
Sputtering Systems. The sputtering systems can deposit a wide variety of -
materials onto substrates such as ceramics, metals, plastics, glass, and
semiconductors. Resulting thin films can range in thickness from a few
angstroms up to a fraction of millimeter. They also can sequentially deposit
up to three different materials onto a single substrate, thus attaining
sandwich-structured films such as multi-layer optical interference filters or
semiconductor devices. The systems also can be used for sputter-etching, a
" process in which material is removed from, rather than deposited on, the
substrate. '

This section contains the procedure and settings for depositing Al-1%SI
for metallization.

Venting and Loading/Unloading Procedure

1) . Check the log- book to make sure the system is ready for operatlon
I the key is not in AUTO, turn it to AUTO. ’

2) iTurmng off the ion gauge. SR
- Set the gauge function switch to ST2 (chamber thermocouple gauge).
| - Set the gauge mode switch to AIR-HOLD (air calibration). '
3)  Press START and VENT simultaneously. v

" The HIGH-VAC valve will close (LED off) immediately, if open.
After a short delay (~5 sec.), the VENT valve will open (LED on).
This backfills the chamber with N,.

Wait untll one hears a ’click’ indicating that the chamber is at
atmospherlc pressure. It takes about 4~5 min.

4)” Press and hold the HOIST UP posmon in order to raise the sputterlng _
head until the J-arm clears the chamber walls.

5) Check the TABLE POSITION.
- If the TABLE POSITION is not set to TABLE 3, then turn on’ the
main power switch of the RF generator (located on' the front panel of



- the table posmon to TABLE 3, and turn off the power .- If-the TABLE .
'POSITION is set to TABLE 3, then take the pallet under TARGET 3

13
the ge‘ne’lrator, which is on the floor to the left "of’ the s}}Stem)l change.

out of the chamber

»Load/Unload the wafers on/oﬁ the pallet and slide it back 1nto the

- chamber

jInsure the pallet does not touch the outer edge of the table.
Make sure that the J-arm/substrate is .. correctl}r posltloned under the :

- ,target

7

Press and hold . HOIST DOWN posxtlon to lower the sputterlng head
untll motor quits.’

. Allgn the top and the bottom and be careful not to pxnch ﬁngers

Press START and PUMP mmultaneously

After a short time (~5 sec.), the ROUGHING VALVE wxll open
*(LED on). Th1s connects the mechanlcal ‘vacuum pump to the
'}charnber
o When the pressure reaches the crossover point (TRIP LED on), the ' ,
-]J_ROUGHING VALVE will close. After a short delay (< 5 sec.), the

2 ';'_HIGH-VAC valve should open (LED on), and the pressure should :

o - decrease quickly.

_ ' _If the. -pressure is too high for the crossover, the TRIP LED w1ll turn oﬁ
- and the pressure will increase. If this happens, repeat step. 8." :

-9)

10)

When the pressure decreases qulckly after the trlp pomt turn on 1on _

Igauge

= ‘Turn the gauge mode switch to ARGON-AUTO
~"Turn the gauge function to .1 position.
- Press FILAMENT ‘momentarily (~1/2 sec.).

AWalt untll the pressure, goes down to. 2-3x10~7 Torr. This usually takes :
2- 3 hours after the HIGH-VAC valve is opened. S

PPGSputter Prbcedure

1)

Push START and GAS sunultaneously

" The GAS mode will close THROTTLE VALVE (LED on) and the
pressure will go down up to a httle (still < < 107%). o
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2) Set the gauge function to ST2 and the gauge mode to ARGON-AUTO

3) Check if the Ar tank is open (it should be always open), and admlt theﬁl
- Ar sputtering gas to the chamber by opening the right toggle sw1tch on
- the sputtering head (switch up = open).

4) AdJust ‘the Ar flow so that the pressure becomes about 8 mTorr usmg
 the needle valve on the sputtering head (usually value is ~18). '

5) .Turn on .the main power switch of the RF generator.
Wait 60 seconds for the generator to warm up. :
~Select TARGET 1 (Al-Si) on TARGET SELECTOR and TARGET 3 for
TABLE POSITION to move the wafers away from the TARGET 1

v' _'durmg presputter
6) Select the SPUTTER DEPOSIT mode.

7) Turn the POWER ADJUST potentlometer fully counter-clockw1se and
turn on the POWER switch on the sputtering head (light will come on)

8) One can tune the system for a minimum in the reflected power. by
: adJustxng the tuning capacitor (TUNE) and the load inductor (LOAD) ,
“located on the front panel of the sputtering head.

" Keep ‘the reflected power below 20 watts whxle testing and’ about 10
watts whlle sputtering. Optlmum pos1t10n is about 6 2 for the LOAD
and about 4 for the TUNE. ‘

9) Start tuning up the power until the forward power becomes 300 watts
Make sure the reflected power is still low. : S
Plasma (usually blue hght) will appear when tuning up the power.

10)erep an eye on the power gauge. The reflected power may go down
. after 1-2 mln since the presputter etches the surface (oxide and/or
nitride). of the target. ' '

11) Retune the system untll the reflected power becomes less than 10 watts
o w1th the forward power belng 300 watts.

12) Run for the desired amount of time (10 min. here) after settllng down.

Sputtering‘"Procedure-

o 1) Adjust the POWER ADJUST to set the forward power to 100 watts. _
The reflected power may change If that happens, tune the system



_2)

3

1)

5)

6)>

7)

8)‘
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~ again.

Set the TABLE POSITION to TARGET 1 (Al-1%Si).
Makevsure TARGET 1 is set for the. TARGET SELECTOR.

Start sputtering for desired time (30 min. here) and fill in the data. -

When the sputter is done, turn the POWER ADJUST knob fully
counter-clockwise and turn off the POWER "'s’witchf _

Close Ar gas by closing the toggle switch on the sputte‘i'in‘g head (switch

down = closed). :
" Change the TABLE SELECTOR to TARGET 3 and wait unt11 the table -

gets to the right posmon

Turn off the méin power switch on the RF generator.

Unload the wafers following the proce'dure'described in earlier seétioi;.
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Appendix H: Electrical Test Procedures

All tests were performed using the HP4145A Semiconductor Parameter
Analyzer after the devices were packaged in a dual-in-line package (DIP) for -
stability and accuracy. The 4145A is a fully automatic; high performance
instrument designed to measure, analyze, and graphically display the DC
parameters and characteristics of diodes, transistors, ICs, solar cells, and
wafers  during the fabrication process. It is equipped with' four
programmable stimulus /measurement units (SMUs). Each SMU can be
programmed to function as a voltage source/current monitor or a current
source /voltage monitor. Mode changes and channel reassignment are fully
automatic, eliminating test lead connection changes. This feature simplifies
operation and significantly increases measurement speed and reliabilify.

‘Measurement setups can be done manually for every measurement or up
to 43 user-generated measurement setups (or 10 sets of measurement results)
can be stored on a single built-in flexible-disc.  The 4145A also can be
remotedly controlled via the HP-IB (Hewlett-Packard Interface Bus), a
carefully defined instrument interface, which is used to pass program control
between the controller and the various instruments and wafer prober..

In thls research, the HP9845A desk top computer was used to process v
the measurement data initially and then to transmit the data to the host
computer, VAX 11/780. The host computer can then use this data to
attach numerical values to device parameters and determine distribution
patt‘er'ns. Measurement setups for the transistor measurements are wrltten
in a control program, called 'UNIXA", which is saved on a flexible disc.

Loading TeSt Program into HP9845A

1) Hold down CONTROL then press STOP on the 9845A key board to
_ reset the 9845A.

2) : _Type MASS STORAGE IS ":F8". to specify the mass storage unit to
be a flexible disc. o
3) Press EXECUTE.

4) Insert the flexible disc into disc drive.
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5) Type LOAD "UNIXA" and press EXECUTE.
- 6) Wait for the light on the disc drive to be turned off.
7) Take the flexible disc out of disc drive.

. Settmg Up the Test Station

1) iPut the socket board with a 24-pin dual-in-line socket in the 16058A
2) Setup the 16058A’s Personality Board as follows:
. SMULI : emitter

SMU2 : base
SMUS3 : collector
SMU4 : N/A

4) Insert the dual in-line package (DIP) containing bonded dev1ces into the

- DUT socket. »
5) Turn on the 4145A.

‘The HP16058A Test Fixture is designed for use with the HP4145A ‘'The
‘16058A holds the device to be tested with the 4145A, and provides all
necessary connections to the test input Joutput terminals of the 4145A. For
stable and accurate measurements at extremely low current levels, the
" 16058A is equlpped with an electrostatic light-shielding cover. To facllltate ‘
testing various types of devices, eight interchangeable socket bonds and
three types of special plug leads are furnished with the 16058A. '

Mea.sur'er'nent and Data Collection

: All measurements are directed by the control program called "UNIXA".
The.prOgljaI'n starts by prompting the inputs for the Die, Device, and Date.
These preeedures are for making new directories with these names in a
directory /a/poly/data. It also asks whether the default values would be
used or not for the limits. The default values are generally used nevertheless -
‘the user can change the limits. '

‘When these are done, the 4145A starts to test a device, graphlcallyvj
display the charactenstlcs. There are six test routines; I-V characteristics of
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base/emltter wrth reverse and forward blas, v characteriStics of

base /collector with reverse and forward bias, I¢-Vcg static collector

characteristics with changing Ig, and Ic-Vpg & Ip-Vgg characteristics using.
Gummel plot. The 9845A collects the data and saves it in the buffer

"'1)

2

3)
9
6)

7)‘

8)*

- temporarily after each measurement. When testing is over, the 9845A sends
~ all data into a file in the designated directory. o

" Press RUN to connect the 9845A to ECN UNIX system. |
- Then: the UNIX system will type a short message and walt for a logln.__
.- Dame. .

Type login name (polye) and press CONT. ,-
Even though the message does not show the prompt logm ; you will |
see it when the login name is typed and CONT is pressed.

Press K2 (LOCAL ECHO ON/OFF) in Special Function Keys 50 that-

UNIX will not print (or echo) what you type on the terminal screen.- ,‘ ‘

Type password and press CONT.

"Press K2 to turn echo on then UN]X will prompt with $ for 1nput

Press KO (UPLOAD /DOWNLOAD) in Spec1a1 Function Keys to run the o
"_program 'UNIXA".

The program will prompt your input. An example is as follows

PROMPT  INPUT
- Die? v3-ii-36
- Device? -~ 1con3

- Date? 1-1-88

Respond to the prompts by giving names for each prompt as shown

- above.:

I the default values are to be used type 'y to the last prompt
i3 f.'n His ‘typed, the program will ask you to type all the limit values.

After the default values are determined the program will start to test

the"‘dejfices and send the data to a designated file.
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Generating Device Parameters

When the data is transferred and stored in a file /a/polye/data/vB-n-
36/1con3/data, as an example, it is composed of a column of numbers. This
~data is converted into device parameters by using a program written in C

language ,which is called ".fl.c". Running the executable file ".ff" calculates
the device parameters and store them in three different ﬁles, "I", "line", and
"beta”. ‘A file called "beta" consists of only device name and beta value.
Both "lII" and "line" have same parameters with slightly different format. An
'example of each is shown in Figure H.1. There is another program called

".format.c", which not only calculates ‘the device parameters but also creates
plots from the data by executing “.format". This file contains Qplot
commands that are used to plot one vector versus another on various
; graphlc dev1ces o

The dev1ce parameters of a set of dev1ces can be collected in one file by
concatenating the files named as "line" of a set of devices.

1) Type "pwd" to see Wha't the current working directory is.
2) If the current dlrectory is /a/polye/data/Dle/Dewce, type' A to
~ create "line", "II", and "beta".
If the current directory is not /a/po]ye/data/D1e/Dev1ce, change the
. current dlrectory to that and execute ".ff".
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