ABSTRACT

CASTRO, SUSANA PATRICIA. Charaderization d the Boron Doping ProcessUsing
Boron Nitride Solid Source Diffusion

The purpose of thisresearch has been to develop an ogimum processfor the boron
dopng of implants and pdysili con gates of metal-oxide-semicondctor (MOS) devices.
An experimenta design was constructed to determine the dfeds of diffusion
temperature, time, and ambient on charaderistics of the dopng process A temperature
range of 800to 1000 @grees Celsius was gudied with a diffusion time between 10and
60 minutes. Two dffusion ambients were used for doping processes, a pure nitrogen
ambient and a nitrogen-oxygen gaseous mixture. Devicewafers were fabricaed, and the
testing of MOS cgpadtors and van der Pauw test structures was performed to determine
the dfed of diffusion condtions onflatband vdtage and pdy gate dopng. Materias
charaderization tedniques were used onmonitor wafers for eat dffusion pocessto
determine the wafer structure formed for ead processand evauate the df edivenessof
the deglaze d@ch. The processes that resulted in the best device dharaderistics withou
suffering from significant poly depletion effeds and flatband vdtage shifts were wafers
doped at 800 degrees Celsius in a pure nitrogen atmosphere for 20 minutes and 45
minutes. The presence of oxygen in the amosphere caised the depletion d boron from
the Si wafer surface The formation d the Si-B phase only occurred on devices processed
at 1000 aegrees Celsius. The deglaze processused in this experiment did na fully

remove this layer, and thus all devices doped at this temperature were seriously degraded.
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CHAPTER/|

Introduction
1.1 Methods of Doping for P-Type Implants

The introduction d dopants into a substrate for the purpose of fabricating
microeledronic deviceimplants has long been performed by diffusion. Although the
future trend for smaller size devices cdlsfor agreaer control of criticd dimensions
that is more eaily achieved through ionimplantation, dffusionremainsto be a
widely used method d dopng. A large thermal budget for diffusion procesesisa
disadvantage, bu the aility to processwafer lots at atime with this dopng method
isone of the reasons for itswide continued use. 1n additi on, the degenerate dopng of
palysili con gates for metal-oxide-semicondwctor (MOS) devicesis easily achieved
through dffusion. Inthe Microeledronics Laboratory at North Caroli na State
University (NCSU), baonand phaphaus diffusion furnaces are used by many
students for the formation d p- and ntype implants and for the degenerate dopng of
poly gates on devicewafers.

Of all grouplV elementsin the periodic table, baron has been the most widely
used element for the purpose of doping silicon ptype. Boron can beintroduced into
the sili con substrate by deposited films or by exposure to avapor containing the
dopant source. Diffusion processes caried ou in furnacetubes are very
reproducible, resulting in excdlent aaossthe wafer and wafer-to-wafer uniformity.

The work of thisthesis focuses on the use of boron nitride planar diffusion sources as



the dopant sourcefor boron dffusionin silicon. Thisboron dffusion system will be

described in detall i n the next chapter.

1.2 The Issue of Sili con-Boron Phase Formation

The quality of diffusion processes carried ou in furnacetube systems are
affeded by anumber of fadors, including gas flow, temperature, time of diffusion,
ambient, substrate material, and dogant source Literature on baon dffusion
systems hows the formation d a sili con-boron phase during diffusion at the sili con
substrate and borosili cate glass(BSG) interface This phaseis believed to form in
situations of high baon concentrations at the sili con surface Regardlessof the
expeded formation d the Si-B phase outlined in various puldi shed works, results
from previous boron dffusion runs at the NCSU Microeledronics Laboratory using
the boron nitride planar diff usion source system show no evidence of this phase.
This unexpeded result has motivated the need for an overall charaderization d the
BN solid sourcediffusion system.

The Si-B phase has been reported to consist of the SiB4 or SiBg compounds
depending on dffusion condtions. Elli psometric studies of the material indicate the
compound Ias an index of refradion between 1.6and 1.7. It isinsolublein
hydrofluoric addic solutions generally used in the deglaze process which isthe
reason for the required axidation step in the deglaze. Oxidizing the processed wafer
after an initial HF etch will al ow the Si-B phase to read with oxygen andform a

boron-silicon axide, also known as borosili cate glass The BSG formed can then be



removed with afinal HF etch, removing all undesired diffusion byproducts from the
Si surfaceby the end d the deglaze process

The presence of the phase can visibly be deteaded by the presenceof a
hydrophili c sili con surface d&ter an HF etch and/or a brownish yell ow sili con surface
A previous in-depth study onthe growth of the Si-B phase showed that the formation
of this phase, depending onthe dopant source used, deaeases with the oxygen
content in the diffusion ambient at low diffusion temperatures. The oxygenis
beli eved to increase the growth rate of SIO, onthe Si wafer during diffusion, thereby
reducing the dhances of acamulating ahigh baon concentration at the Si-SiO; (or

Si-BSG) interface

1.3 Outline of Thesis Work

The goal of thiswork was to determine an ogimum processfor the doping of
pay gates and ceviceimplants. In order to achieve this goal, an overall
charaderization d the dopng processis neaded, including the determination d poly
gate dopng and any defeds induced by the boron dffusion processwhich have an
effed on device dedricd charaderistics. The quality of the diffusion processmay
also be dfeded by the formation d the Si-B phase, so efforts to determine the
condtions that form this phase is be made. The fadors under study in thisthesis
include the dfeds of diffusion temperature, time, and ambient onthe diffusion o
boronin silicon. These goals were atieved by designing an experiment that would
explore various levels of these threeparameters. A blank wafer for eat dffusion

condtionin the experiment would be processed and later used for materials



charaderization pupaoses. Devicewafers were dso fabricaed at eat dffusion
condtion wsing the four-level ECE 539 classmask set for the spring of 1998. The
eledricd testing of cgpadtors and test structures fabricaed with this mask set would
allow the extradion d parameters of interest such as $ed resistance, pdy doping
level, and flatband vdtage.

In Chapter 1l of thisthesis, the boron ritride solid source diff usion system under
evauationin this experiment will be described. Chapter Il will explain the
experimental procedure foll owed along with the dharaderization methods used to
achieve the experimental objedives. Results from these methods will be discussdin
Chapter 1V, and asummary of the results and conclusions obtained will be givenin

Chapter V.



CHAPTERI1

Boron Nitride Planar Diffusion Source System
2.1 Boron Nitride Solid Source Diffusion Process
In ahorizontal furnace baron ntride planar diff usion sourcewafers and sili con

wafers are loaded perpendicular to the furnacetube ais onto asilicaboat as siown
in the diagram below. Siliconwafers are placal adjacent to sourcewafers s that
only the front surface(device side) of the wafer isdoped. During diffusion,agas
flow, usualy consisting of an inert gas such as nitrogen, is used to prevent the
entering of air contaminantsinto the tube. The flow of gas also creaes aboundry
layer aroundthe wafers, all owing the dopant vapor to be transported from the source
wafer to the sili con wafer by concentration gradient diffusion. Although nitrogen is
typicdly used for this purpose, gaseous mixtures of nitrogen, axygen, and hydrogen

have dso been used.

- Gas Flow

BN Si
W afers W afers

VAVIVARY
L]

Zonel Zone 2 Zone 3

Figure 2.1 —Wafer arrangement in furnacefor boron ntride solid sourcediffusion



Table 2.1 —Boron ntride planar diffusion source ativation procedure

Step Gas Flow Temperature Time
Ramp Up Ny, 4spm storage temp - 925°C 35min.
Oxidation Oy, 4dpm 925°C 20 min.

Anned N, 4slpm 925°C 20 min.
Ramp Down N2, 4dpm  925°C - storage or boat-out temp 45 min.

The boron ntride sourcewafers used for this experiment were of aBN-975
grade designed by the Carborundum Corporationfor use & temperatures between
800 and 1000C. The sourcewafers are mmpaosed of boron ntride platelets held
together by a B,O3 binder. New boron ntride wafers undergo an adivation
procedure a described in Table 2.1. The oxidation step forms athin layer of B,O3

glassonthe surfaceof the sourcewafer by the chemicd readion below:
4BN + 30, 2 2B,03 + 2N, Eg. 2.1

The purpose for the anned step isto stop the oxidation readion above and stabili ze
the rate of dopant volatili zation. When na in use, the boron nitride source wafers
are stored in the furnace &400°C with a N, flow rate of 1500scam.

The genera steps followed for aboron dffusionrunare outlined in Table 2.2.
Note that the diff usion ambient gases, temperatures, and times are varied in the
experimental work for thisthesis. Theinformation given for these variablesin the
table is the standard used at the Microeledronics Laboratory. During the diffusion

step, the B,O3 layer previously formed onthe BN wafer during adivation vaporizes



Table 2.2 —General boron dffusion procedure

Step Gas Flow Temperature Time
Boat In N, 4slpm 750°C 10 min.
Stabili ze N, 4slpm 750°C 5 min.
Ramp Up N, 4spm 750°C - 900°C 25min.
Diffusion N, 4slpm 900°C 30min.
Ramp Down Ny, 4dpm 900°C -» 750°C 45 min.
Boat Out N, 4slpm 750°C 10 min.

andistransferred to the adjacent siliconwafer. A layer of B,O3 then forms onthe Si
wafer surface ad ads as the boron dof@nt sourceduring diffusion. The following
interfacereadion acours:

2B,03 + 3Si < 4B + 350, Eq. 2.2

Depending on dffusion condtions, the following readions may also occur:

S + B < Si-B phase Eqg. 2.3
Si-B phase +0O, < B-Si-O glass Eq. 24
S+0,< S0, Eq. 25

Figure 2.2is a schematic of the structure that is expeded to form during
diffusion. The Si-B phase may or may not be present depending on dffusion

condtions.



B-Si-O mixture

Si-B phase

Si substrate

\/\_/

Figure 2.2 —Schematic of structure formed onSi wafer during boron dffusion

2.2 Deglaze Process

The deglaze is the processfoll owed for the removal of diffusion byproducts.

The standard deglaze processused at the Microeledronics Laboratory is shown in

Table2.3. Steps 1 and 3invave theimmersion d processed wafersin a

hydrofluoric add solutionfor the éching of BSG. For the wafers processed in this

thesis gudy, a15:1 H,O:HF solution was used for this purpose. Solutions of varying

HF concentrations, and even bufered axide ech (BOE) solutions, have been used in

the past for deglaze. At Carborundum, a10:1 HF solutionis used for the BSG etch

step. A more dil ute solution was used in this experiment to oktain a slower etch rate

and prevent the dching of field and gate oxides on devicewafers.

Table 2.3 —Standard deglaze process

Step 1 15:1 H,O:HF etch for 30 seconds at room temperature
Step 2 Chemicd oxidationin 90°C HNO; solutionfor 30 minutes
Step 3 15:1 H,O:HF etch for 30 seconds at room temperature




Step 2 d the deglaze processinvaves theimmersion d wafersin ahat nitric
aad solution. Nitric agd, avery strong oxidizing agent, is brought to atemperature
of 90°C (dlightly aboweits baili ng point) using ahat plate. This nitric add step ads
asaform of oxidationandis needed to axidize the Si-B layer that may have formed
during diffusion. The Si-B layer reads with axygen, producing aboron sili con glass
mixture (BSG), which can then be éched away by the HF solution wsed in step 3 d
the deglaze.

The use of nitric aad for the oxidation d the Si-B layer has been used
effedively in the past. However, alow-temperature thermal oxidationisthe
preferred method d oxidizing thislayer andisused at Carborundum. The
disadvantages to athermal oxidation processinclude afurther drive-in of the
junction and apossble depletion d boron dogants at the sili con surface Thisboron
depletion can occur becaise boron has an affinity to oxide, which resultsin an
acamulation d boronin the oxide and therefore adepletion d boronin the sili con
substrate & the Si-SIO, interface However, thisboron depletion effed may not be
significant at low temperatures. The results of the experimental work for thisthesis
will help evaluate the dfedivenessof the Microeledronics Laboratory standard

deglaze processfor the boron nitride solid source diff usion system.



CHAPTER 111

Experimental Approach
3.1 Experimental Design
The main approach used to adhieve the experimental objedivesin thisthesis

was to examine the dfeds of the diff usion condtions explored in this experiment on
the formation d the silicon-boron phase and on avice daraderistics. The results of
this gudy will allow the determination d an ogimum processfor the doping of paly
gates and implants. The variables in the experiment include diff usion ambient,
temperature, andtime. Points were dhosen in amodified central composite design as

shown below to achieve the experimental goals with the least number of wafers.
60 min @
45 min @ @
30 min 69

20 min @ @
10 min @

800°C 900°C 1000°C

Figure 3.1 —Schematic of the dhosen experimental pointsin the design
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The experimental design shown in Figure 2.1 cetermined the diffusion
temperatures and times that would be caried ou in the experiment. The temperature
range explored was 800°C to 1000C, sincethe BN-975grade planar diffusion
sources used in the experiment were designed for use in thisrange. Times of
diffusion upto 60minutes were used, since adiffusiontime of greder than ore hou
would require too high o athermal budget for pradicd use. Thisdesign for
temperature and time was caried ou for two dfferent diffusion ambients: 1) apure
nitrogen atmosphere and 2 a nitrogen-oxygen gaseous mixture. Note that although
only 7 pants were explored in ead ambient, the center paint of the design was
repeaed to addressthe isaue of repeaability, resulting in 8 dfferent diffusion
temperatures and times per ambient. The mmplete experimental design resulted in a
total of 16 dffusionruns.

In order to prevent the over-oxidation d the boron nitride solid sourcewafers,
the diffusionruns carried ou in a nitrogen-oxygen gas ambient were broken dowvn
into two steps. For thefirst half of the diffusiontime, the dopng processwas
performed in a N,O, environment. The seaond Half of the diffusion time was carried
out in apure nitrogen ambient. During diffusion processes, a presence of oxygenin
the amosphere will oxidize the BN wafers as discussed in Chapter 1. Asin the
adivation procedure followed for new BN wafers, an anned in nitrogen is needed to
stop the oxidation processand stabili ze the rate of dopant volatili zation. For this
reason, adiffusionrunin an axidizing atmosphere shoud be followed by an anned
in nitrogen at the diffusion runtemperature. In order to preserve the structure for our

design of experiments, the diffusion runsin an oxidizing atmosphere were broken
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down into the two step N,O,/N, process within the diffusiontime originally
designated.

For eat of the 16 dffusion condtionsin the experiment, one wafer would
undergo an entire devicefabricaion sequence Deviceswould be fabricated on ory
half of this wafer whil e the other half would be left blank for the purpose of
obtaining four-point probe measurements. The testing of cgpaadtors and test
structures would al ow the extradion d important eledricd charaderistics. An
additional blank wafer (monitor wafer) for ead diffusion runwould be processed
that would be used for materials charaderization puposes sich as transmisson
eledron microscopy (TEM) and spreading resistance analysis (SRA). Note that two
wafers were processed for eat of the 16 dffusion runs— ore monitor wafer and ore

devicewdfer.

3.2 Wafer Processng

Devices were fabricated using the ECE 539 classmask set for the spring of
1998. The devicefabricaion pocessfor this mask set isafour mask level process
adive, pdy, contad, and metal. A detalled description d the process gquenceis
givenin Appendix A. Table 3.1isagenera outline of the magjor stepsin the device
processflow. Asexplained in the previous dion, cevices were fabricated on ony
half of the wafer so that four-point probe measurements could be obtained from the

blank half of the wafer.
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Table 3.1 —Outline of process gquence

Step 1 Initial clean (JT Baker)

Step 2 Field axide growth

Step 3 Active mask phaolithography and field oxide ech

Step 4 Pre-gate dean, gate oxide growth, and pdysili con depasition

Step 5 Poly mask phaolithography, pdysili con etch, and gate oxide dch

Step 6 Implant and pdy gate dopng with BN solid source and deglaze

Step 7 Low temperature oxide deposition

Step 8 Contad mask phaolithography and axide dch

Step 9 Front-side metal deposition

Step 10 Metal mask phaolithography and metal etch

Step 11 Badk-side metal depasition and forming gas anned

Blank wafers used for materials charaderization techniques went through a BN
solid sourcediffusion run wsing the standard processexplained in Chapter Il. One
monitor wafer was used for ead dffusionrun. Table3.2isalist of all 16 dffusion
runs performed in this experiment. These blank wafers were deaved in half, anda
modified deglaze dch was performed on ore half of the wafer. This modified
deglaze smply included a1 second dp in water followed by a30semndetchin a
15:1 HF solution. Thismodified deglaze would be compared to the standard deglaze
by means of four-point probe and opicd measurements as will be discussed in the

following sedions. Thedip in water was dore for the purpose of removing B,Os

13



Table 3.2 —List of 16 dffusion runs performed in experiment

Wafer Identificaion | Temperature Time Ambient
Al 80C°C 45 min. N>
A2 80C°C 20 min./25min. N>O,/N>
A3 80C°C 20 min. N>
A4 80C°C 10 min/10 min. N>O,/N>
Bl 900°C 60 min. N>
B2 900°C 30min./30 min. N>O,/N>
B3 900°C 30min. N>
B4 900°C 15 minJ/15 min. N>O,/N>
B5 900°C 30min. N>
B6 900°C 15 minJ/15 min. N>O,/N>
B7 900°C 10 min. N>
B8 900°C 5 min./5 min. N>O,/N>
Cl 1000C 45 min. N
Cc2 1000°C 20 min/25min. N2O,/N;
C3 1000C 20 min. N
C4 1000°C 10 min/10 min. N>O,/N>

Note: Thediffusionrunswere not necessarily performed in this order. Runswere
completed in arandam fashion to reduce experimental biases. The Wafer
Identificaion column gives the labels sribed orto the wafer badkside prior to wafer
processng. These wafer |abels may be referred to in the foll owing sedions of this
thesis. Remember that two wafers were processed at ead dff usion condtion, ore
monitor wafer and ore devicewafer.

14



from the wafer surfacebefore obtaining opticad measurements of the BSG layer.
After diffusion, a hazy surface @peaed on pocessed wafers which was caused by
the hydration d unreaded B,O3 onthe Si wafer surface The remova of this hazy
layer, which could be atieved by dipping the wafers in water, was neaded to oltain
acarate opticd measurements.

In the foll owing sedions, a brief description d the materials and eledricd
charaderization methods used in this experiment to oltain the desired datais given.

Testing procedures and condtions are given for eaty method.

3.3 Charaderization Methods Used onMonitor Wafers
The blank wafers processed for eat dffusionrunwere deaved in half, as
previously explained. The half of the wafer that underwent the modified deglaze
processwas used mainly for shed resistance and BSG film thicknessmeasurements.
The procedure and instruments used for these measurements will be described in
detail i n the foll owing appropriate sedions. The half of the wafer that did nd go
through a deglaze provided samples for transmisgon eledron microscopy (TEM)

work, sprealing resistance analysis (SRA), and x-ray diffradion (XRD) analysis.

3.3.1 Transmisdon Eledron Microscopy
TEM was used in this experiment to oltain an image of the structure formed
onthe silicon wafer by the BN solid sourcediffusion process Low magnificaion
images provided by TEM would be &leto verify the BSG/SI-B/Si sample

structure originally expeded for doped Si samples by the BN system. Theimaging
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of an amorphots surfacelayer onthe Si substrate would correspondto the BSG
layer. At high magnifications, the lattice structure of the single aystal Si substrate
could easily be imaged and any crystal defeds at the Si surface cased by the
dopng processcould be deteded. The presenceof the Si-B phase would be
indicaed by a aystali ne layer sandwiched between the BSG film andthe Si
substrate.

Although the presence of the Si-B phase can be verified by ahydrophlic Si
surface dter theinitial HF etch in the deglaze, methods of charaderizing this layer
have not been well established. An exad index of refradionis not known for the
Si-B phase, and hence any opticd methods used for measuring the thicknessof this
layer will not give acarate results. Therefore, TEM was the dhosen methodto
extrad Si-B layer thickness In addition, becaise Carborundum has reported Si-B
layer thicknesses of 100A or less the high resolution attainable by TEM methods
was esentia in order to charaderize the Si-B layer.

Since TEM isavery time @mnsuming and expensive charaderization
tedhnique, images were not obtained from all samples. The wafers processed in a
N, ambient were chosen to determine ageneral relationship between the Si-B layer
thicknessand the diff usion temperature andtime. From these wafers, the 3 that
were doped at 900°C (nat including the 30 min. repli cate run) were imaged. These
3 pantswould allow the determination o a general model for the relationship
between Si-B phase formation and dffusiontime. This model would enable the
prediction d the Si-B layer thicknessat any diffusiontime. A temperature dfed

onthe Si-B layer thicknesscould then be determined at a constant diffusiontime.
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A Si-B thicknessfor awafer doped at 900 for 45 minutes could be extrapolated
from the diffusion time model, and this thicknesscould then plotted with the
thicknesses obtained from the two wafers doped for 45 minutes at 800€C and
100C°C. A genera modd of the dfed of diff usiontemperature on Si-B phase
formation could then be determined.

To verify that the temperature and time models extraded from the N, data
were onsistent in amixed nitrogen-oxygen ambient, several wafers that were
proces=d in the N,O, ambient were randamly chosen andimaged by TEM. The
samplesimaged will be given in Chapter IV along with adiscusson d the results

obtained from these images.

3.3.2 Opticd Measurements

Opticd measurements were performed onthe half-wafer samples that
underwent the modified deglaze processas previously described in Sedion 3.2. A
Nanosped AFT Nanometrics microscope was used for these measurements. This
instrument scans aaossan incident light wavelength from 480to 790 i, which is
refleded by the film, producing a pattern of interferencefringes. The amplitude
and frequency of the sinusoidal pattern depends onthe substrate and film thickness
being measured. A number of algorithms have been programmed for the
measurement of certain film thicknesses with the Nanometrics. The program used
to make dl opticd measurements on the half-wafer samples was an “oxideon S”

program for the measurement of SiO, film thicknessona Si substrate.
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3.3.3

Measurements were made before and after the samples underwent the
modified deglaze. It was assumed that the Nanometrics program used was
sufficient for the measuring of BSG thicknesses using an index of refradion o
1.46. The opticd properties of BSG are very similar to that of SiO, sincethis glass
is smply an amorphots sli con axide with ahigh baon content. The presence of
boronwill have adlight effed ontheindex of refradion d SIO,, bu the use of this
algorithm for BSG thicknessmeasurements will give reasonably good estimates.
The measurements obtained from these measurements are wmpared to extraded
BSG film thicknesses from TEM images in Chapter V.

Opticd measurements of ead half-wafer sample were performed twice, ornce
after the water dip and orce dter the HF etch. Thiswas done to determine the
effed of theinitial HF dip on baon dffusion byproducts. A remaining film onthe

Si wafer after thisinitial HF etch would indicae the presence of the Si-B phase.

Four-Point Probe M easurements

Shed resistance measurements were dso dore for the half-wafer samples that
underwent the modified deglaze processusing afour-paint probe instrument. The
asumption was made that by using a half-blank wafer for shed resistance
measurements with the four-paint probe, corredion fadors for sample geometry
would nd nee to betaken into acourt.

The Si-B phase that may form during boron dffusionis known to be a
conductive layer. Therefore, the presence of a Si-B phase onthe Si surface ca be

deteded through four-point probe measurements. The shed resistancefor a
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sample with a Si-B layer would be lower than that for an identicaly doped sample
withou a Si-B surfacelayer. The four-point probe is measuring the lower
resistivity of the Si-B layer in parallel with the junctionlayer, thus resulting in an
overal | ower resistivity. By comparing the shed resistance of the half-wafer
samples that undergo the modified deglaze processto the shed resistance of the
devicewafers that undergo the standard deglaze, we ae aleto evaluate the

eff edtivenessof the nitric acd oxidation step in removing the Si-B phase.

3.3.4 X-Ray Diffradion
Small sampleswere deaved from the half wafer that did na go through a

deglaze. An x-ray diffradometer with a CuK,, x-ray sourcewas used to deted the
presence of the Si-B phase. The samples were first dipped in concentrated HF to
remove BSG so that the signal intensity of the Si-B phase would na be
diminished. X-ray scans of diffradionangles (20) between 20° and 70 were first
performed. However, because of Si-B layers of 100A or lesswere expeded,
small er scans between 30° and 35 were dore & a slower scan rate to increase

signal intensity. The most intense pe&ks of the Si-B phases lay in this 20 range.

3.3.5 Sprealing Resistance Analysis
Samples were sent to Soleaon Laboratories, Inc., for spreading resistance
analysis for the purpose of obtaining resistivity and dofant profiles. Becausethis
tedhniqueis expensive, certain samples were seleded for this analysis method. To
obtain atemperature and time relationship to junction depth, dose, and surface
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carier concentration, the threesamples doped at 900°C and the two doped at 80C°
and 1000 for 45 minutes for eat diffusion ambient were seleded for anaysis.
Thiswas dore for the same reasoning previously described in Sedion 3.3.1when

choasing samples that would be imaged by TEM

3.4 Charaderization Methods Used onDevice Wafers
One half of eat devicewafer was left blank for four-point probe
measurements. Opticd measurements were dso performed onthis blank half of the
wafer for reasons that will be given in the gopropriate following sedions. The
devices tested for eledricd charaderistics include metal-oxide-semicondtctor

(MOS) cgpadtors and van der Pauw test structures.

3.4.1 CapadtanceVoltage Measurements
The MOS capadtors fabricated were tested for cgpadtance-voltage (CV)
charaderistics. The definition d cgpadtanceis

c-9Q Eq. 3.1
av

where dQ isthe dhange in charge dueto a cdhangein vdtage, dV. During CV
measurements, a small amplitude acvoltage superimposed onadc biasis applied
to the gate metal contad. The acvoltage aedes a dhangein charge andthus, a
cgpadtanceis measured. The dc bias determinesthe region d device behavior,
e.g., acawmulation, cepletion, a inversion. Sincethe biasis applied to the gate, the

foll owing relationship applies:
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o 9% Eq. 3.2
dv,

where Qg isthe gate dharge and Vg isthe gate voltage. In aMOS structure, charge
neutrality requires that the gate charge be mmpensated for by an equal and
oppasite dharge in the remaining areas of the structure (the oxide, the
semiconductor, and the oxide-semicondictor interface:

Qs =~(Q+Qu+Q)) Eq. 3.3

where Qs isthe dharge in the semiconductor, Qu is the dharge in the oxide, and Qj;
represents interfacetrapped charges that are present at the Si-SiO; interfacedue to
defeds and impurities. In an ided situation, there ae no axide dharges present, and
therefore Qox = 0. Asauming thisided case, the gate voltage beaomes —(Qs + Qjy).
By Kirkhoff’ s law, the foll owing relationship must apply:

V, =V, +V, Eq. 3.4
where Vo is the voltage drop aaossthe oxide and Vs is the voltage drop aaossthe
semiconduwctor. With the dove expressons for Qg and Vg, the measured

cgpadtancefor the CV measurements can be written as:

C=- dQs +dQ, Eqg. 3.5
dV,, +dVg
which can aso be written as
C-_ 1 Eqg. 3.6

av av

0oX S

dQ, +dQ, ' dQ, +dQ,

The tharge in the semicondtctor, in general, isdue to hde dharge Qp, spacecharge
region buk charge Qg, and eledron charge Qn. Therefore, the cgadtance ca be

rewritten further as;
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1 Eqg. 3.7
v, dv,

dQ, +dQ, ' dQ, +dQ, +dQ, +dQ,

C=-

Using the genera definition for cgpadtance, the éove equation beames

1 Eq. 3.8
1 1
+
Cx Co+Co+C+C,

C=

0oX

Our MOS devices were fabricaed onan-type substrate. Therefore, for
pasiti ve gate voltages, the semiconductor surfaceis heavily acamulated with
eledrons and Qy daminates, resulting in avery large value for Cy. The total
cgpadtance measured is then approximately equal to Co,. For small negative gate
voltages, the surfaceis depleted and the dharge due to the spacecharge region
charge, Qg, daminates. The trapped interface targe cgadtance dso contributes
to the measured cgpadtance The total cgpadtanceisthe wmbination o Cyyin
serieswith Cg in parall e with Ci;. When Cp begins to appea in we& inversion,
the total cgpadtance bemmes:

1 Eqg. 3.9
1 1
+7
C C,+C, +C,

oxX

C=

In strong inversion, which occurs at negative gate voltages for n-type
substrates, Qp dominates and Cp beaomes very large. The low-frequency (LF) CV
curveresultsif theinversion charge Qp is able to foll ow the gplied acvoltage. In
this case, the total cgpadtanceonce a&jain beames Cyy asin the acamulation
region. When Qp is unable to foll ow the high frequency of the gplied acvoltage,

the measured cgpadtanceis the cmbination d Cyy in series with Cg resulting in
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the high-frequency (HF) CV curve. If the voltage ramp rateis $ high that no
inversion charge can form, adee depletion CV curveis produced.

Using the Keithley CV tester, low frequency and high frequency CV curves
were obtained for the following MOS cepadators szes: 100 um x100um, 200pum
X 200 pum, 300pum x 300 um, and 500um x 500um. Five cgadtorsfor eat size
were measured and an average CV curve was cadculated. The average high
frequency CV curvesfor the 500 um x 500 um devices were later inputed into a
computer program developed by Dr. JohnHauser, a profesor in the Eledricd
Engineaing Department at NCSU, that is able to extrad flatband vdtage from the
inputed data and cdculate pay depletion effeds. For the cgadtance
measurements, the bias was ramped from +3 V to -3V (from acawmulation to
inversion) with a20 mV voltage step and atime delay of 0.07 seands, resulting in
an approximate ramp rate of 0.286V/sec

The cgadtanceof amateria is

C=2 Eqg. 3.10
q q

where ¢ isthe permittivity of the material, A isthe aosssedional arega andd isthe
material layer thickness The theoreticd value for the oxide cgadtancefor the
devicewafers used in this experiment can therefore be cdculated, asauming an
oxide permittivity of o = 3.9X &, where & is the permittivity of vaauum (8.85x
10 F/em). Solving for the oxide cgpadtanceusing the arerage oxide thickness
measured onthe gate monitor wafer (150A), we obtain the values listed in Table

3.3for ead size cgaator measured. Plots of Co, vs. the cgaator areashoud be
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linea and have aslope gproximately equal to s/tox, Where toy is the gate oxide
thickness These plots were constructed for eat devicewafer to charaderize the
guality of ead dopng process
The theoreticd flatband vdtage for our MOS devicesis smply equal to the

metal-semiconductor work function, assuming no axide diarges. To cdculate the
metal-semiconductor work function, a further assumption that the palysiliconis
degenerately doped (#,=0.56V) isassumed. According to the wafer manufadurer
of the sili con wafers used to fabricate the devicewafers, the doping level of the

substrate is approximately 1 x 10*® cm™. Therefore using the equation

¢, =—In—— Eg. 3.11

avaue of -0.348V for the substrate potential, ¢, is cdculated, where Np isthe

substrate doping level, n; istheintrinsic carier concentration (1.45x 10'° cm™),

Table 3.3 —Theoreticd oxide cgadtancevalues for tested cgoadtors

Capadtor Area Theoreticd Oxide Capadtance (pF)
100 pum x100 pum 23
200pum x 200 pm 92
300 pum x 300 pum 207
500 um x 500 um 575
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a

Figure 3.2 —Schematic of the van der Pauw structure
tested for shed resistance data

and kT/qis0.0259V. This gives a metal-semicondwctor work function ¢ms of:

¢, = 0.56—(~0.348 = 0.908/ Eq. 3.12

Any deviations of experimentally extraded flatband vdtages from this theoreticd

value may be dtributed to gate oxide dharges.

3.4.2 Van Der Pauw Messurements
A schematic of the van der Pauw structure tested onall wafersis shown in
Figure 3.2. The pady van der Pauw structures were tested, from which we obtained
shed resistance, ps, for the doped pdy. A current, |, was applied aaosstwo
adjacent contads and the voltage, V, was then measured aaossthe two remaining
contads. Sincethe structureis ymmetricd, the shed resistance ca be cdculated

from the foll owing relationship:

_P_|_ 7 | [V
ps—t (In(Z)j (Ij Eq. 3.13

25



By using the resistivity vs. dopgng concentration dot given in Semiconductor
Material and Device Characterization by D. K. Schroder, developed for boron-
doped Si, an estimation d poly doping can be obtained with the use of the van der

Pauw shed resistance val ues.

3.4.3 Four-Point Probe Measurements
At the end d the devicefabrication sequence, shed resistance measurements
with the four-point probe were obtained onthe blank half of the devicewafers. In
Chapter 1V, these measurements are compared to shed resistance measurements

from etched half-wafer samples using the modified deglaze process

3.4.4 Opticd Measurements
Opticd measurements of the blank side of the devicewafer were aquired
using the “oxide on Si” program at the end d the devicefabricaion sequence
Thiswas dore to verify the ésenceof al diffusion byproducts from the wafer
surface Aswill be discussed in Chapter IV, some wafers did na dewet after the
deglaze. This hydrophili c surfacewas assumed to indicate the presence of the Si-B

phase, which could be verified by opticd measurements.
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CHAPTER IV

Experimental Results and Discussion
4.1 Transmisgon Eledron Microscopy Results

The TEM work completed as was described in Chapter Il showed the presence
of athick amorphous layer (BSG) onthe Si substrate for all samples. Not all
samplesimaged, havever, showed the presence of a Si-B crystalli ne layer
sandwiched between the BSG and Si substrate. The only sample showing this layer
(of the nitrogen ambient processed samples imaged) was the sample doped at
1000°C for 45 minutes. Thisresult confirms that the hydrophili c surfaceof this
wafer after the deglaze was due to the presenceof Si-B. Images sow that this layer
was very nontuniform and caused arough surfaceonthe Si. Because of this svere
nonuniformity, an exad thicknesscould na be extraded for the Si-B layer. An
image of a sample doped in the nitrogen-oxygen ambient at 1000°C for 45 minutes
showed a simil ar structure to the 1000°C/45 min/N, sample andis shown in Figure
4.1. From these two images, the Si-B layer thickness amed to be onthe order of 50
A.

Images for two additional samples doped in the nitrogen-oxygen ambient were
obtained (800°C/45 min. and 900C/30 min.) These images confirmed the non
presenceof a Si-B layer for samples doped under 1000°C. An additional observation
for the 900°C/60 min./N, and 900C/30 min./N,O, samplesis sgnificant distortion
at the Si-SIO, interface which may allow for the formation d defed levelsin

devices. All TEM images areincluded in Appendix B.
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Figure 4.1 —Crosssedional TEM image of a sample doped at 1000°C/45 min/N,0O,
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BSG layer thicknesses were extraded from TEM images. Although the
method d extradion was very susceptible to errors, the measurements were expeded
to givereasonable estimations of the adual BSG layer thickness In the foll owing
sedion, these measurements will be cmpared to the opticd measurements of the

BSG layer.

4.2 Opticd Measurements

The BSG thicknessmeasured for ead sasmpleisgivenin Table4.1. For
samples C1 and C3, ameasurement could na be obtained with the “oxide on S”
program. The presenceof Si-B is partly the reason for thisresult. An additional
reason may be the rough Si surfacedue to the non-uniformity of the Si-B phase. A
possble reason as to why this same dfed was not encourtered for the C2 and C4
samplesisthat the oxygen content in the amosphere had some kind d effed onthe
uniformity of the Si-B layer. Thus, the Si wafer surfacedid na have the anourt of
roughnessencourtered in the wafers doped in nitrogen orly. A qualitative
comparison d the TEM images for C1 and C2 seem to suppat thisidea(see
Appendix B for TEM images).

Asisexpeded, Table 4.1 showsthat, in general, BSG thicknessincreases with
temperature andtime. At the higher diff usion temperatures, the presence of oxygen
in the amosphere resulted in athicker BSG layer becaise of the alditional oxide
formed from the readion between axygen andthe Si substrate. This effed was not
naticed at 800°C due to the lower diffusion temperature. A lower temperature leads

to alower boron dffusion coefficient, and therefore, to slower reagionrates. The
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Table 4.1 —BSG thicknessmeasurements

Sample Opticd TEM
A1 (800°C/45min/N,) 536 521
A2 (800°C/45 min./N,Oy) 452 --
A3 (800°C/20 min./Ny) 482 --
A4 (800°C/20 min./N2Oy) 473 417
B1 (900°C/60 min/Ny) 1166 885
B2 (900°C/60 minJ/N,0O5) 1391 --
B3 (900°C/30 min/Ny) 1284 --
B4 (900°C/30 minJ/N,0O5) 1357 1133
B5 (900°C/30 min/Ny) 1329 1029
B6 (900°C/30 minJ/N,0O5) 1104 --
B7 (900°C/10 min./Ny) 942 841
B8 (900°C/10 minJ/N,0O5) 1065 --
C1 (1000C/45min./Ny) -- 2537
C2 (1000°C/45 min/N,Oy) 3773 --
C3 (1000C/20 min./Ny) -- --
C4 (1000°C/20 min./N2Oy) 2561 --
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oxidation d the Si substrate may increase the BSG thicknessat first, bu as time of
diffusionincreases, the slow diffusion d boron through the oxide layer grealy
reduces the anount of boronreading the Si surface and therefore resultsin less
formation d BSG.

Opticd measurements made on the blank side of devicewafers verified the
removal of diffusion byproducts for al wafers except the 1000°C/45 min./N, doped
wafer. A thicknesswas returned when using the “SiO, on Si” program. Although
the adual value of thisreturned thicknessis nat any kind d acarate measurement of
the layers present onthe Si surface they reved the presence of the Si-B phase onthe
surfacethat shoud have been removed by the deglaze. Thiswas aso the only wafer
that remained a brownish yellow color after the deglaze. Therefore, we can conclude
that at this diff usion condtion, the standard deglaze processis nat effedive. Table
4.2isa mmparison d the opticd measurements obtained from the devicewafers and
from the half-wafer samples that underwent the modified deglaze ech. Only the

samples for which athicknessvalue was returned after the deglaze ech are reported.

Table 4.2 —Opticd measurements on deglaze @ched samples

Diffusion Condtion Device Wafer Haf-Wafer Blank

1000°C/45 minJ/N; 551A 610A
1000°C/45 min./N,0; <100A 282A

1000°C/20 minJ/N; <100A 384A
1000°C/20 min./N,0; <100A 143A
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4.3

For all other samples, a “lessthan 100A” measurement was returned sincethisis the
resolution limitationfor the “Si on SiIO,” program. From this data, we can conclude
that all wafers doped at 1000°C were the only wafers that formed the Si-B phase
during diffusion. However, even though nofilm thicknesswas returned for the last 3
devicewaferslisted in Table 4.2, a hydrophili ¢ surfaceindicaes that the Si-B phase
is gill present onthese wafers after the deglaze. Therefore we can conclude that the

nitric acd axidationis not effedive in removing this layer.

Four-Point Probe Measurements

Shed resistance values obtained from the four-point probe for both the device
wafers and the half-wafer samples are compared in Figure 4.3. No significant
diff erence between the wafers that underwent the standard deglaze and those that
underwent the modified deglaze dchis sen. For those wafers doped at 1000°C, a
succesgul removal of the Si-B phase would beindicaed by ahigher shed resistance
than that obtained from the samples smply etched in HF. Thisisnat the cae, and
thus further proves that the nitric agd step in the deglaze processmay nat be
effedivein removing the Si-B layer from the Si wafer surface For all samples, no
significant differenceis een between shed resistance of monitor wafers and that of
devicewafers.

Plots of log shed resistancevs. log diffusion time for samples doped at 900°C
were @nstructed to establish a shed resistance and time relationship. A linea fit to
this data by linea regressonwould give this relationship:

log ps=nlogt= psat” Eq. 4.1
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wherenisa mnstant andt isthe diffusiontime in minutes. A high R? valuefor this
linea fit would indicae agood modd for the shed resistance and dffusiontime
relationship. Only those samples doped in a nitrogen atmosphere reported a high R?
value of 0.96as fiown in Figure 4.4. Therefore only for these samples could we
establish arelationship between shed resistance and dffusiontime. The slope of the
fitted line reveds that ps o t¥®. Acoordi ng to the R? value, this model acmurts for
96% of the variability in the data. Using this model, avalue for adoped sample &
900°C for 45 minutes was extrapolated and used to construct a plot of log shed
resistancevs. /KT for samples of a45 minute diffusiontime. This plot shownin
Figure 4.5also reveds agoodlinea fit, meaning that shed resistanceis propational
to e,

Reasons for not being able to establi sh atemperature and time relationship for
samples doped in a nitrogen-oxygen ambient may include boron depletion from the
Si surface thus affeding shed resistance. Spreading resistance analysis results will

confirm this effed.

4.4 X-Ray Diffradion Results
For the x-ray diffradion scans performed onall samples, no Si-B diffradion
pe&ks were deteded. We caana conclude, however, that the reason for thisresult is
that there was no Si-B phase formed. Because dl samplesdoped at 1000°C did na
dewet after along HF etch, it was expeded that these samples would definitely show
Si-B pedks, bu thiswas naot the cae. Since TEM images $ow a definite aystalli ne
Si-B phase, the only reasonable explanation for the dsenceof Si-B pe&sin x-ray
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diffradion measurements s that the layer was too thin to producex-ray signals of a
large enowgh intensity. This problem may be solved by using larger diffradion
and/or scatering dlits. These dlits control the size of the irradiated area and thus the
signa intensity. An additional solutionwould beto doscans at a slower rate than

used in this experiment.

4.5 Sprealing Resistance Analysis Results

A total of ten samples were analyzed using SRA as described in Chapter IlI .
Relationships between the dose and dffusiontime @uld na be establi shed becaise
of the low R? value returned for the plot of log dose versus log diffusiontime. A log
junction depth vs. log diffusiontime plot, however, did show a significant
relationship andis shown in Figure 4.6. Slopes of approximately 0.2 indicae that X;
is propational to t°. A subsequent plot of log junction depth vs. VKT also reveded
asignificant R? value and is therefore agoodmodel (Figure 4.7).

Dopant profil es obtained from the samples, shown in Appendix C, show an
increase in baon depletion at the St wafer surfacewith dffusiontime. In general,
the nitrogen-oxygen atmosphere seamed to enhancethis depletion. Thisis most
likely due to the larger BSG thicknesses formed in an axidizing atmosphere. In
addition, the diffusion d boronin siliconis enhanced in an oxidizing atmosphere,
and therefore acouns for the larger junction depths achieved for samples doped in

the nitrogen-oxygen atmosphere.
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4.6 CapadtanceVoltage Measurements

Average high frequency CV curves for the 500 um x 500 um cgpadtors were
obtained as explained in Chapter Ill. Figure 4.8 shows atypicd HF curve obtained
from most devicewafers. The ad¢ual measured CV curve andthe CV curve dter
correding for palysilicon depletion effeds are nat significantly different. The most
significant differencesin these aurves was observed for the 900°C/60 min. dffusion
runsin bah gaseous ambients. HF CV curvesfor al samplesarelocaed in
Appendx D. Note that no data was obtained for wafers doped at 1000°C becaise no
coherent data auld be obtained from these devices. The device degradation may be
attributed to the presence of the Si-B phase.

In order to evaluate eabt dopng processqudlitatively, plots of Cy, versusthe
cgpadator areawere plotted. Note that the Cox values plotted are averages from five
measurements per cgpadtor area A linea fit to the plotted pants srows very high
R? values for al devices. In addition, similar slopes of this plot were adieved
ranging from 2.26x 107 F/cm?to 2.36x 107 F/cm?, resulting in tox values between
146A and 153A. Thisisvery closeto the arerage gate oxide thicknessmeasured on
the gate monitor during the processflow (150A). SeeAppendix E for aCyy vs. area
plot for eat devicewafer.

Flatband vdtages extraded from the 500 um x 500 um cgpadtor CV data ae
plotted in Figure 4.9 versus thermal budget. Using our theoreticd cdculation d a
flatband vdtage of 0.908V as abasis for determining an ogimum process the wafer

doped at 800%C/20 min./N,0O, showed the best process with the 800°C

40



Capacitance (pF)

5.00E+02

4.00E+02 -

3.00E+02

2.00E+02 ~

1.00E+02

faWala' =iNaYal
T T U.UuULCTUU

-3.00E+00 -2.00E+00 -1.00E+00 O0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00
Gate Voltage (V)

Figure 4.7 —High frequency CV curve for 900°C/30 min./N, doped wafer

41



Flatband Voltage (V)

0.8

0.7 . . o N2
. 800C, 45min. = N202
800C, 20min.
06 -
| |
05 -
04 -
S *
03 - 900C, 10min. 900C, 30min.
_ . 900C, 60min.
02 - - v
01 - .
O T T T T T
0 100® 200® 3000 4000 5000

Thermal Budget (C-min.)

Figure 4.8 —Plot of flatband vdtage vs. thermal budget

600

42



diffusionrunsin N, at a dose semnd. Generaly, flatband vdtage shifts are
attributed to chargesin the oxide. Significant shiftsin the flatband due to pasitive
oxide dharges occurred with the devices fabricated at 900°C. We can assume that
boron penetration in the gate oxide is the reason for this large shift in the flatband.
Boron penetration may be occurring at the optimum 80C°C diff usion condtions as
well, bu the dfeds areless sgnificant in this case.

Low frequency CV curves were dso oltained for ead devicewafer, but were
nat analyzed becaise of unexplained anomaliesin the arves. Ininversion,the
measured cgpadtancedid na become the oxide cgadtance ait shoud have. Itis
possble that the voltage ramp rate used to test the cgadtors wastoofast and dd na
allow enough time for the deviceto read equili brium. Therefore, further testing of
the cgadtors at a slower ramp rate shoud be completed to oltain low frequency CV

curves.

4.7 Van Der Pauw Measurements
Shed resistance values for palysilicon were extraded from van der Pauw
measurements. The average paysili con thicknessmeasured onthe paly monitor was
1398A. Thisthicknesswas used to oltain pdysili con resistivity from the shed
resistance measurements:

p = pgxt Eq. 4.2

A referenceplot of resistivity vs. dopng concentration for boron doped sili conwas
then used to oltain apaly dopng level from the cdculated resisitivity values.
Results $how that the palysili con was degenerately doped for al devices (i.e., above
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3x 10"%m™). A graph o poly doping versus the thermal budget (diff usion
temperature x time) is shown in Figure 4.10. Note that wafers doped at 1000°C did
nat producefunctioning devices, and therefore, pdy doping level coud na be
extraded for these wafers. In general, higher values of pay doping were obtained
with the nitrogen dff usion ambient for wafers with equivalent thermal budgets.

The highest doping level of paly was achieved with the 900°C/60 min./N,
diffusion condtion, bu at the st of ahigh thermal budget. Almost equivalent
levels of paly dopng can be adieved at the 900°C/30 min/N, and 900C/10 min/N,
condtions. Sincethe paly doping at these mndtionsisin the 9 x 10*° cm®to 1x
107° cm range, these ae the optimum processng conditions for the doping of paly.
The 800°C diffusionruns showed ony dlightly lower levels of pay dopng, bu were
still degenerately doped, with the runs in the nitrogen ambient showing the highest

levels.
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CHAPTER YV

Summary and Conclusions
5.1 Summary

The main ojedive of thisthesiswasto determine an ogimum processfor the
boron dopng of p-type implants and pdysili con gates of MOS devices using boron
nitride solid sourcediffusion. To achievethisgoal, adesign of experiments was
constructed that studied a wide range of diff usion condtions in which temperature,
time, and dffusion ambient were varied. MOS devices were fabricaed at the 14
different diff usion condtions determined by the experimenta design. A replicaerun
was dore & the center paints of the design to addressprocessrepedability, for atotal
of 16 dfferent runs. Monitor wafers were dso doped at these 16 condtions.

Polysili con van der Pauw test structures and MOS cgpadtors were tested on
al devicewafersfor the extradion d pay dopng and flatband vdtage. Information
could na be extraded from devices processed at 1000°C because they showed severe
degradation, most likely due to the presence of the Si-B phase. Consistent linea
plots of Cyx Vs. cgpadtance aeashowed an owerall good quality processfor the
devicewafers. Severe shiftsin flatband vdtage were foundfor wafers doped at
900°C. Because shiftsin flatband are due to oxide dharges, the shift may be partially
dueto baon penetrationin the gate oxide. Van der Pauw measurements gave paly
doping levelsin the 10" cm™ and 13° cm™ range.

Materials charaderization methods, such as TEM, were used onmonitor

wafers to charaderize the structure formed duing diffusion. Sprealing resistance
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5.2

analysis gave dopant profiles for certain processng condtions. From SRA, models
for the relationship between junction depth and dffusiontime and temperature were
established. A relationship between shed resistance and dffusiontime and
temperature was only establi shed for the nitrogen gas ambient process Four-point
probe and ogicd measurements were used to determine the presence of the Si-B
phase and evaluate the nitric agd axidation step in the standard deglaze process An
attempt was made to use x-ray diffradionto deted the Si-B phase layer but was

unsuccesdul.

Conclusions

The optimal condtions for the doping of pay acwrding to cdculations from
van der Pauw measurements, occurred at the 900°C/60 min/N, diffusionrun.
However, dl diffusion condtions resulted in degenerately doped pdy. Closeto
theoreticd flatband vdtages were obtained from the runs performed at 800°C in aN>
ambient and at 800°C/20 min/N,O,. Taking all of these results into acourt, any
diffusion processperformed at 800°C in a nitrogen ambient can be expeded to give
good owerall device daraderistics. The lowest thermal budget would be adieved
with the 800°C/20 min/N,, diffusion process Furthermore, the standard deglaze
processused for this experiment shoud be modified sincethe nitric agd step dd na

fully oxidize the Si-B phase.
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5.2 Future Work

The use of astatistica padkage to determine temperature and time models for
shed resistance and dase shoud be explored. Further testing shoud be dore of
MOS cgoadtorsin an eff ort to verify the paly dopng levels cdculated through van
der Pauw measurements. This can be acomplished by obtaining low frequency CV
curves using a higher ramp rate than the one used in this experiment to ensure device
equili brium during the test.

Modificaion d the deglaze @ch shoud be caried ou. A thermal oxidation
can replacethe nitric adad step for the removal of the Si-B phase. The question
shoud be addressed as to whether an axidation step is needed at al if the Si-B phase
isnot formed. Thismay easily be dore by fabricaing devices that undergo an
oxidation step in the deglaze and comparing device daraderistics, such as flatband

voltage, to devices that only undergo an HF etch for the deglaze.
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APPENDIX A

Device Process Sequence
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. Wafer Marking and Initial Charaderization

Hand scribe wafer identification marks onto badside of all wafersusing a
diamondtip pencil

Four-paint probe measurements to verify wafer resistivity

. Initia Clean (JT Baker)

Clean wafersin JT Baker (a5:1:1 solution d deionized (DI) water, NH,OH, and
H,0,) for 5 min.
Rinse wafersin DI water for 5 min.

Spin dry wafersin N,

. Field Oxide Growth (1000°C, 40min., 26 HCI, dry/wet/dry oxidation, 30004 target)

Boat out sili caboat

Load wafersin silicaboat wafer flat up

Boat in silicaboat at 750°C in 7200scam N, and 70scecm O, (10 min.)
Ramp upfurnacetemperature to 1000C (31 min.)

Dry pre-oxidationin 1000sccm O, and 26 HCI (10 min.)

Wet oxidationin 1000scam O,, 2000scem Ha, and 26 HCI (40 min.)
Dry paost-oxidationin 1000sccm O, and 246 HCI (10 min.)

Cod down furnaceto 750°C in 7200sccm N (45min.)

Boat out wafers (10 min.)
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. Active Mask Lithography

e Spin HMDS Rimer onto wafer at 4500rpm for 40 sec

e Spin pasitive phaoresist (JSR 10cp) onto wafer at 4500rpm for 40 sec
e Pre-exposure bake on hd plate & 90°C for 1 min.

o Expose 1998ECE 539Active Mask for 8 sec

o Post-exposure bake on hd plate & 115°C for 1 min.

e Developfor 1 min.

e Rinsewafersin DI water for 5 min.

e SpindyinN;

o Post-develop keke on hd plate & 115°C for 5 min.

. Descum

e Standard descum plasma dch using the March Instruments Asher (80 sccm Oy,

600mT presaure) for 3 min.

. Field Oxide Etch

e Etchin 101 bufered axide éch (BOE) solutionfor 330sec
¢ Rinsein DI water for 5 min.

e SpindyinN;

. Photoresist Removal
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10 min. in Nanostrip bath #1
5 min. in Nanostrip bath #2
5 min. rinse

Spin dyin N>

SurfaceClean (JT Baker)

5 min. in JT Baker clean
Rinsein DI water for 5 min.

Spin dyin N>

Gate Oxide Growth (950°C, 10min., with HCI, 150A target)

Boat out sili caboat

Load wafersin silicaboat wafer flat up

Boat in silicaboat at 750°C in 7200sccm N, and 200scem O, (10 min.)
Ramp upfurnacetemperature to 950°C (31 min.)

Dry oxidationin 2860sccm O, and 135scecm HCI (10 min.)

Cod down furnaceto 750°C in 7200sccm N (45min.)

Boat out wafers (10 min.)

10. Polysili con Depasition (1500A target)
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Load wafersin silicaboat wafer flat upin low presaure dnemicd vapor depasition
(LPCVD) furnace

Deposit amorphous slicon (540°C, 100mT presaure, 100% SioHg) for 46.8min.

11.Poly Gate Lithography

Spin HMDS Rimer onto wafer at 4500rpm for 40 sec.

Spin pasitive phaoresist (JSR 10cp) onto wafer at 4500rpm for 40 sec
Pre-expasure bake on hd plate & 90°C for 1 min.

Expaose 1998ECE 539 Poly Mask for 8 sec

Post-exposure bake on hd plate & 115°C for 1 min.

Developfor 1 min.

Rinse wafersin DI water for 5 min.

Spin dyin N>

Post-develop keke on hd plate & 115°C for 5 min.

12. Polysili con Etch

Etch in pdy etch solution (wafers visualy monitored during etch to determine
etch endpant)
Rinse in DI water for 5 min.

Spin dyin N>

13. Photoresist Removal
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e 10min.in Nanostrip bath #1
e 5min.in Nanaostrip beth #2
e 5min.rinse

e SpindyinN;

14. SurfaceClean (JT Baker)
e JT Baker cleanfor 5 min.
e Rinsein DI water for 5 min.

e SpindyinN;

15. Gate Oxide Etch
e FEtchin 101 BOE solutionfor 20 sec
e Rinsein DI water for 5 min.

e SpindyinN;

16.Boron Diffusion

e Boron dffusion cktail s are cvered in text

17.Deglaze
o Deglaze steps are mvered in text
e Rinsewafersin DI water for 5 min.
e SpindyinN;

18. Low Temperature Oxide (LTO) Deposition (2000A target)
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Load wafersin LPCVD furnacewafer flat up

Depaosit LTO (410°C, 750mT presaure, 200scem O,, 100scam LTO) for 34 min.

19. Contad Hole Lithography

Spin HMDS Rimer onto wafer at 4500rpm for 40 sec.

Spin pasitive phaoresist (JSR 10cp) onto wafer at 4500rpm for 40 sec
Pre-expasure bake on hd plate & 90°C for 1 min.

Expaose 1998ECE 539 Contad Mask for 8 sec

Post-exposure bake on hd plate & 115°C for 1 min.

Developfor 1 min.

Rinse wafersin DI water for 5 min.

Spin dyin N>

Post-develop beke on hd plate & 115°C for 5 min.

20.Descum

Standard descum plasma dch using the March Instruments Asher (80 scam O,

600mT presaure) for 3 min.

21.Contad Hole Etch
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e Etchin 101 BOE solutionfor 58 sec. (until badkside of wafer dewets)
e Rinsein DI water for 5 min.

e SpindyinN;

22.Photoresist Removal
e 10min.in Nanostrip bath #1
e 5 min.in Nanaostrip beth #2
e 5min.rinse

e SpindyinN;

23.Badk Door Etch
e FEtchin dlute BOE solutionfor 5 min.
e Rinsein DI water for 5 min.

e SpindyinN;

24. Frontside Metal Depasition

e 500A titanium evaporation

e 2000A auminum evaporation

25.Metal Mask Lithography



e Spin HMDS Rimer onto wafer at 4500rpm for 40 sec

e Spin pasitive phaoresist (JSR 10cp) onto wafer at 4500rpm for 40 sec
e Pre-exposure bake on hd plate & 90°C for 1 min.

o Expose 1998ECE 539Metal Mask for 8 sec.

e Post-exposure bake on hd plate & 115°C for 1 min.

e Developfor 1 min.

e Rinsewafersin DI water for 5 min.

e SpindyinN;

e Post-develop keke on hd plate & 115°C for 5 min.

26.Metal Etch

e Etchin heded bath of auminum etch solution (wafers visually monitored duing
etch to determine ech endpant)

e Rinsein DI water for 5 min.

e SpindyinN;

e Etchin titanium etch solution (wafers visualy monitored duing etch to determine
etch endpant)

e Rinsein DI water for 5 min.

e SpindyinN;

27.Photoresist Removal
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5 min.in Accustrip bath #1
5 min.in Accustrip beth #2
Rinse wafersin DI water for 10 min.

Spin dry wafersin N,

28.Badkside Metal Deposition

2000A auminum evaporation

29.Forming Gas Anned

Boat out sili caboat

Load wafersin sili caboat

Boat in silicaboat in 7200scam N2 (10 min.)
Ramp upfurnacetemperature to 400°C (20 min.)
Anned in 101 Ny/H; (30 min.)

Cod down furnacein 7200sccm N2 (10 min.)

Boat out wafers (10 min.)
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APPENDIX B

TEM Images
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CrossSedional TEM Image for Sample A1 (800°C/45 min./Ny)
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CrossSedional TEM Image for Sample A2 (800°C/45 minJ/N,O,)
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CrossSedional TEM Image for Sample B7 (900°C/10 min./N2)
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CrossSedional TEM Image for Sample B5 (900°C/30 min./Ny)
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CrossSedional TEM Image for Sample B1 (900°C/60 min./Ny)
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CrossSedional TEM Image for Sample B4 (900°C/30 min/N,O5)
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CrossSedional TEM Image for Sample C1 (1000°C/45 min./Ny)
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CrossSedional TEM Image for Sample C2 (1000°C/45 min./N,Oy)
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APPENDIX C

Spreading Resistance Profiles
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APPENDIX D

Capacitance-Voltage Curves
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Capacitance (pF)
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Capacitance (pF)

Gate Voltage (V)
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High Frequency CV Curve for Wafer B5 (900°C/30 min./Ny)
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High Frequency CV Curve for Wafer B4 (900°C/30 min/N,O5)
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High Frequency CV Curve for Wafer B1 (900°C/60 min./Ny)
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Capacitance (pF)

Gate Voltage (V)

High Frequency CV Curve for Wafer B2 (900°C/60 min./N,O,)
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APPENDIX E

Oxide Capacitance vs. Capacitor Area Plots
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