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o .llmpurlty levels 1ntroduced by the varlous amblent and heat treatments are L o

of these observations.
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Conduct1v1ty of a 5111con 's1l1con d10x1de 1nterface Has been rxieas'ured PRI

f'as a functlon of temperature From tne data the actlvatlon energles of the e

estxmated Knowledge of ..urface charge dens1ty and carrler moblhty 1s Lo

‘ ,  used to calculate the ,surface parameters.v Based on the quenchlng eyper—-fr’ s

iments, a mechanism for the various effects observed ha.sl_ been suggested.- B

- Some other electrical properties .Qf the system are discussed in the light‘--‘tf:.‘ R

( ,. , ‘ v, » :‘..’!‘ l‘r : .
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I. INTRODUCTION

During recent years the propertics of silicon-silicon dioxide intcf~
face have Bee'n -investig.ated»extensively. (1-6) \fuch of this investigation
was due to the use of oxiae for the passivation of Silicqn surfaces and as
a mask for diffusions in the technology éf planar devilce's. Also, because
.of the use of various carrier gases in this field of {echnology, tﬁe effects
- introduced by them are included in this study. From a practical point of
view it is neceséary to uﬁderstand the electrical effects produced at a
Si-SiOz intve_rfac.e, as the development 'of new devices entirely based on
this system (like the éurfa;e field-effect transistor) depends largely on the
vunderstz-mding of these effe.cts. Electronic properties such as the-gain- |
| Eandwidtb product and the noise characteristics of theée device’s obviouslly R

(7, 8)

depend on the ellectri'cal nature of the system. Experimental and

theoretical investigé.tions'irito the nature of the interface and the effect of

heat treatments under various ambients have therefore been carried out by

(9-12)

several authors,

In the course of our earlier work we observed considerable.dependence

of surface properties on various ambient treatments, (.12) We measured

surface-charge density and conductivity of the inversion layer formed

under the thermally grown oxide on high-fesistivity’ p-silicon. We reported

8 1

that the conductivity varied from = 7X 10" ,-cm—i. for nitrogen

5

ohm "~

- - - . e : - . b1
treatmentto = 2 X 10 ~ ohm J“--cm .1 for hydrogen treatment. This depend-

ence of conductivity on ambiénts can of course be utilized to achieve

control of surface properties desirable for a particular device application.

L}
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The present work was uxlde;ftalien to provide as insigﬁt into the
rneeha.nism of the conductivity effects produced by .the various arnbient and -
heat treatmedts, We have measured the conductivityl ef the inversion layer
as a funcfion of tempera_ture, and from this data estimated the activation
energies of the imp'urit\l.f levels introduced bybthese treatment‘s.. Knowledge
of the surface-charge density enables us to drvaw the energy-level diagram
of the oxide-semiconductor system, ;[n some cases the occurrerice of the
energy levels almost in the middle of the band gap suggests the pos sibility
oi' these levels acting as recomolnatxon centers and noise crenera,tors (1 3)

In the following sections, these results are -discussed in detail and a DOS -

sible mechanism for the various observed effects is suggested.

-2, PREPARATION OF DEVICES AND MEASUREMENTS-

The method of device preparation has been described in detail in

"Ref, 12 and will be only briefly outlined here, Wafers of higld—resistivity
(2000 to 4000ohm cm) p-type silicon are lapped, etched and ox1a1zed in |
steam for 2 hours at iOOO C. On one side of the Wafers w1ndows are etched
for phosphorus diffusion to provide electrical contacts with inversion. layer
under the »hxide. The compound IPOCJ.:;5 | ;s .usedvas the. phos?horus source :
and oxygen is used as .the earrier gas durlng théu érledeposit period,% 'Thve :
diffusion is carried out at 9.070 °C for 30. ininﬁtes é.ﬁd variods ambieht?s are
used in this process. The furnace is then allowed to cool to tempe:ia»ures

600 C in the respectlve amblents sefore the wafers are pulled Out In
our study we have used three dry amblents: (a) mtrogren, (b) oxygen ;;.nd
(c) nitrogen + 5% hydrogen 'Nitrogen»was boiled direcf:ly from a liduid

; Co
nitrogen tank. Ambient (c) was carefully deoxidized and dried. After
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diffusion the oxide from tlm back of th; wafers is 1cmov(_d by diu ,olvml, it
in HF., The wafers are then given a quick etch in 8:1 NH4F:HlF mixture,
cleaned, dried and aluminum evaporated on f.he front junctions,’ The fin-
ished device is shown in Fig. 4.

The devices are then mounted on a copiaer platform constructed in |

2 vacuum chamber. The platform is cooled by a copper.Acold finger'pro-

truding outside the chamber. A thermocouple attached to the platform

measures its temperature., The conductance of the inversion layer is

measured at various voltages low enough so as not to .affec‘:t the pz_'operties‘
of the layer. The geometry of the device (10-mm i.d., 14 mm o. d. in our
case) being known, the surface conductivity can be calculated‘frc')m these
measurements. |

'Assuming’ that a single type of impurity level is present in the

inversion layer, we can express the conductivity as a function of temper-

ature by the following relation:

~-AE/KT

—

c(T)li: O'O(T) e

\-/

{ . : '
where AE is the activation energy, k the Boltzmann constant, T the tem-
perature in degrees Kelvin, and O'O(T) is the known value of conductivity at
some temperature T.. In general, 7, will be a complex function of temper-

ature.- In fact, it will depend on the various scattering mechanism oper- - -
' ' 3,

' ating on the carrier mobility in the surface region. Thus the drift.mobility

of the carriers in a direction parallel to the surface will depend on;temper-
- |
ature through a power law such as T-a, where a is a small niimber., The

1
t

mobility will not rise as steeply as in the case of the bulk semlconductor.

© The interface being an amorphous boundary, scattering by flaws W111 be the

primary mechanism for thls dependence. In additionto this, the moblhty will
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also be affected by the tran‘sverse electric fiela due to the presence of the
' charge in the surface states. When Schrieffer-type surface scattering is
assumed , the mobility will be inversely proportional to the eiectric
field. (14) If the chall'ge density and hence the ?ransverse4 electric field
vary with temperature, the mobility will also be affected by them. On the
vv&hole the effeet of these various processes wAil.l be to increase o (T) as
the temperature is reduced;. But in e temperature range corresponding to
an energy within a £ew kT's of the activation energy, the exponentiel term
will dominate the temperature depenaence of o(T). We can therefore
. make an.approximaﬁion and estimate the acti\.ration‘energy from the slop'e
of the log o vs 4/T plot. The interpretation of the data for two energy
le\.fel's close to each other is difficult, and in such a case we give the act'i-

vation energy of the level that seems to primarily determine the properties

of the inversion layer.

'3, EXPERIMENTAL RESULTS

- -

The results obtained with t'ﬁe various freatments are described be- "
Jow and summarized in "I‘able I. In most of thel cases \Qe have followed . |
sfan_dard annealing cycle. After the 60-sec, predeposit period the diffusion
is carried out at 900°C in the respective afnbients fef 30 min., In the case‘.
of hydrogen treatments after the predeposit, we always introduced nitrogen
- for 5 min to sweep away the oxygen from the furnace; . The furnace is th_ez;
allowed tc cool to different tnempera-tures below 600°C.t In our setup it takes
~about 45 min for the furnace‘to cool to 600°C -and as mﬁch time to cool from
600°C Ato 500°C. We have not made any deliberate attempt to anneal the

devices for longer periocds of _timey at any temperature,

—

o
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3.1 Nitrogen treatment

For devices treated in nitrogen, the conductivity falls steeply as the
temperature is lowered. The aétivat_ion energy obtained from the log o vs

1/T plot (Fig. 2) for devices pulled out at 600° N (9006/600) is 0, 39+0, 01 eV. -

. We found the activation energy to be lower (=0.36 eV) if the devices are pulled

-out at a temperature< 500°C N (900/500). Cooling the devices to room tem-

perature did not make any difference in this value.
To check the possibility of the earlier higher temperature (steam

oxidation at 4000°C) having any effect on the device behavior, we darried

i

.out the phosphoxjus. diffusion at 1050°C, The device was cooled to 600°C N

(1050/600.). .The activation enexgy was 0,39 eV. ' In another batch of exper-

iments we took a number of devices having a different previous history, in-

cluding multiple heat treatments, and carried out the 900 to 600°C annealing

'cycle. The activation energy was again 0.39 eV, N (assorted 900/600) but

in this case the results were not always reproducible. In the case of the
inversion layér formed on low-resistivity (50 ohm-cm) p-silicon, we ob-

served a very small decrease in the conductivity as the temperature was

 lowered evén to liquid nitrogen temperature, Removal of aluminum from .
- the front junction did not make any difference in the values measured above.

3.2 Oxygen treatment

For devices treated in oxygen and cooled to 600°C O (900/600) the

activation energy is 0,30 £0.01 eV (Fig. 3), and when they are cooled to

. £ '500°C O (900/500) it is 0.26 eV. Again, the previous history did not

matter. In the case of oxygen we suspect two activation energies but from

the conductivity rheasuremeni;s it is not possible to establish either their

existence or their exact values,
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3.3 Hydrogen trecatment

We have carried out several types of heat treatments with hydrogen
as the ambient, | In the first type, hydrégen was intfoduced in the furnéce
(at 900°C) for 10 rﬁin and 30 min and dufing rest of the time nitrogen. The
devices were pulled out at 600°C, The activation energy in both caseé was
0.38 eV H (900H/600N), similar to that of the nitrogen case, For devices
cooled to 600°C in hydrogen H (900/600), the value was 0,16 eVA.‘ | When
the devices were cooled to 500°C H (900/500) the activation_energy? was |
less than 0, 1 eV, In this case the sign of the coefficient_gf thé eleétrical
conducti\.!ity a.s“a f.ur‘;ction of tefnperature aléo changed frorﬁ plus t& minﬁs,
The same result was obtained for devices cooled in nitrogéh”fr‘om “?OO"CV to
600°C but in hydrogen from 600° to 500°C H (900 to 6OON/6OG to SOOH), and
for devices quenched in hydrogen at 600°C, The conductivity at Hq‘uid— |
. nitrogen temperature was = 2,5 the cvonduvctivity ét the room;temperat_ure
value. For these devicé's we also measured carrbier mobility as é. function
of temperature, . : | ‘ : (
The ‘results for ...hydroge'n treatments 'éx,re shown in Figé. 4 t’hrovugh 7.

The flip—over of the sign of the éénductivit? c_:oeffi’cient, probaﬁly" 'occufs: at
a temperature = 570°C, i. e. "' devmes pﬁlled 'out'o.f the"diffusidh furnace at
a temperature > 570°C have a plus silg‘nv #;d < 570°C have a minjué sign..

Hydrogen treatment also reduced the diode reverse current.

4, CALCULATIONS OF SURFACE PARAMETERS
In this section we calculate the various parameters‘that occur in the

description of the electrical properties of the inversion layer. In TableII

the data on the surface charge density, the effective carrier mobility, and

i
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the impurity levels (AE) are compiled., In our case, because of the high sur-

face chargé density and the high resistivity' of the s'ubstrate, we can easily cal-

. ' 4
culate the surface potential ¢ from the knowledge of the charge density Q.- (15)

-The surface potential is given by

Q=2 qn; Ly exp( -;:- Us)
where q is the ele;tronic charge; n, the carrier density in the 'intrinsic
D the Debye length% and Us the surface potential in units of kT/q
{i. e., Uii a ¢S/kT) measured with respect to the bulk, In Fig, 8 Wé have
plptted Qsas a function of':'Usat 300°K. Also, from the knowledge of QS we can

calculate the electric field Es acting on the carriers. It is given by

_ €
Q's -t Es’

€ is the dielectric constant of the semiconductor. From 4)8 and ES we estimate

i

‘thethickness'' t of the inversion layer in which the charge is confined to move,

. . - S : _ . T
1.e.,t-¢s/z.s. . o

Knowing the impurity levels, the surface potential, and the Eulk resis=

tivity, we can draw the complete energy-level diagram of the surfacl:e.‘ This

diagram for a device treated in nitrogen is shown in Fig. 9.

R . . .
It is interesting to compare the measured values of the effective carrier mo-

bili'ty.’p.é' with the one ‘theoretically derived, Calculation of the r'nobilit'y as a

function of txjansversev electric field based on the Schrieffer-type séattering has

-~ been done by Root and Vadaszgié) These values, along with other parameters,
- are given in Table III. Whereas the agreement between the theoretical and ex-
‘perimental values of mobility for the hydrogen and the oxygen treatments can -

be considered.to be reasonable in a general way--in view of the various approx- -

imations made in both the theoretical derivations and experimental measure-

, ments - -the results do not tally in the nitrogen case. It seems that this treat-

ment introduces tré.pping centers with a large capture cross section, thus re-

ducing the life-time of the carriers and hence the effective mobility.
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Because the energy levels introduced by the nitrogen and e:-:ygen treat-
ments are eeep lying; they can be the sources of generation-recombination
- noiee.(13) Aleo because these vlevels are deep levels, thermal fluctuations will
‘lead to ,ran;iem changes in the car'rier~densities; these 'ceuld be other é_oufces

: , _
. ‘ s . X 7 -
of noise in dévices having oxide on the surface.( ) The presence of surface

L ~traps in the nitrogen treatment can be one of the sources of low-frequency

‘noise in these devices, On the other hand, devices treated in h}}drogen H
(900/500} 2xhibit the typical T % law for the mobility. These devices should

also be comparatively quieter.

5. DISCUSSION
Several th1ngs are known to happen at the oxide-semiconductor 1nterface
" as a result of diffusions and heat treatments. ‘Atalla and Tannenbaum(*S)

Grove, Leistiko, and sant*? nave studied the problem'ef_irnpurity' pile up and

depletion from the interface. Here the case of depletion of boron from the

interface treated under hydroo'en' seems to be interesting.. Zaininger and Warfield

have felt it necessary to postulate tne presence of trapped charge in the oxide -
-to explain seme of their results W1th the hydrogen treatment. (20) R.ecen’cly,
.Sera.phim et al, have put forward the theorsr .of the fermatien of oxygen-ion
vac:ancies in the oxide to explein their results on the pa.sei.vation of silicon
surfaces by the oxide, 21 While considering these hypotheses we should also
bear in mind the possibility of the surface’s p1ck1ng up phosphorus ‘or.other

donor -type impurities from the etcha.nts The pile up of these 1mpur1t1es

combined with the depletlon of boron from the mterface can give rise to effects

' that could be 51gn1£1cant in the case of high-resistivity 5111con. In thxs context

we should also remember some of the well-known effects of heat treatments in

the bulk semiconductor, We would like to elaborate on this point,

8]



!

“kinetics, and precipitation of oxygen in silicon.

-9- | UCRL-41870
A number of workers in this field have studied the diffusion reactions,

(22)

It has Leen demonstrated

- that when silicon crystals containing oxygen are heated'in the temperature

range 450° to .500°.C, donors are formed that disappear When. the temperature
is again raised above 500°C, Recently Corbett et al. (23) have found the ap-
pearance and disappearance of several infrared bands as a consequence of

heat treatments in the temperature range 300° to 500°C, On the basis of

thei; results they propose models for the nﬁcleation aﬁd growth'ofvoxygen
agglom.erate's in the vicinity of a lattice vacancy. The nucleus of this procéss
{:oulq be ;\__substitutional oxygen atom, On the other hand, Bemsiti and Dias
have studied the quenched-in defects in p-type silicon and report a high diffu-
sioln constant for the donor-like defect. (24) From.this they.conclude that the
defect is interstitial in.silicon. Whether or not.these mechanisms ngvern the
formation of defects and agglomerates at the silicon-silicon dioxide interfatce,v '

a few conclusions can be easily reached from these observations.

That the heat treatment of silicon at a temperature = 500°C marks

a transition'point in the properties of the material is clear from the above,

,
t

Also, the‘chénge in the electrical properties of silicon can very well be as-

-cribed to the precipitation of 6xygen and formation of various complexes

- with silicon at different temperatures, Iﬁter_action of oxygen with both the

dislocations and the impurities in the semiconductor can also occur and give

rise to several effects, These phenomena seem to be striking in the context

 of the present work, From this it appears that without assigning axiy' special

attributes To the oxide, an explanation for the results reported here céuld be
sought in the kinetics of precipitation and formation of agglomerates. To

illustrate the assumption we can refer to the hydrogen treatments, Devices
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pulleci from & furnace at 600°C show a temperaturé dependence dominated
by the presence of deep encrgy levels. This coﬁld be due to the fox:*mation
of some Si~-O complex in the temperature range 600° to 500°C, On the other
hand, whma hYdrogen is present in this temperature range, the dev:ices show
a rise in conductivity wi‘ch‘lowering temperature. Apparently the formation
of complexes is suppressed by the presence of hydrogen in ';his tempefature
range. The occurrence of various activation energies can Be considered to
be due to the formation of several differept SiOx complexes in the ;Sreseﬁcé
of high or low:oxygen cbnceﬁ;:fatibns. | v'Fuvx;ther, _'the-oxide-sefnidonductor'
interfac'e, being a boundary of two elastica11y~’diésirni1ar ma-terials, will
.wnjiﬂwcéﬂ affect the kinetics of these processe's in1
this region. In fact, it seems to be a natural site for the precipitation and
formation ’of.various defects and complexes, In addition, 'iAf the quenched-in
defects are interstitials théy will rapidly migrate to the surface ‘and give
rise to various 'effects, »On the basis of the present data it is not possible to
propose any definite deels that will explain the detailed nature of these
complexeé and the exact role ti‘xey pléy in determining the 'proéei'ties of the
interface. Probably measurement of a more basic parametef, like thé Hall

coefficient, would yield more information about the physical nature of the

interface.

6. SUMMARY

]

The effect of heat treatnﬁents in various ambients on the properties
of silicon-silicon dioxide interface was studied, = From the temperature
dependence of the surface conductivity the activation energies of the levels

intrdduced by these treatments were calculated.
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From the knowledge of surface densities and activation energies,
the energyflevel diagrams of the interfac.e wére prepared,
The electrical prbpex;ties of the inversion layer were discussed in
the light of these resﬁl‘cs;
| On the basis of the results of the qﬁenchiﬁg experiments, a tentative
general'theo:r:y. involving precipitation and formation of Si-O complexes at

the interface is suggested,
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Table I. Activation energies,

UCRL-44870

Device_-Treatment Conditions

Nitrogen
N(900/600)%

N(900/500)

N(900/25)
N(1050/600)
N(Assorted 900/600)

. Oxygen

0(900/600)
0(900/500)
0(900/25)

"O(Assorted 900/600)

‘Hydrogen 4

H(900H, N900/600)
H(900/600)

H(900/500) |
H(N900/600, H600/500)
H(900/25)

H(900/600) Quenched in hydrogen

AE(eV)

do

‘>

0.39
0.36
0.36
0.39
0.39.

0.30
1 0.26
0.26
0.30

0.38
0.16

< 0.1

< 0.1

+ + +

-4-

+ 4+ + o+

a o . P
Annealing range given in °C,
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Table II. Properties of the inversion layer.
a ; .
Device-Treatment 7,(300°K) Qg (300°K) po(300°K) AE
Conditions -1 -4 2 2 .
{(ohm™ “-cm™ ) (C/em®) (cm /V-sec) (eV)
N(600)° 7.5 x407° 7.5 X405 1.0 0.39
0(600) 2.0 x107° 2.5 X107 8.0 0.30
H(500) 1.8 407> 3.0 X107° 600 < 0.4
b’I‘ernpera.ture in °C at which the devices were pulled out of the
furnace.
:
. .I
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Table III. Surface parameters(300°K).

Device-

treatment P 5 E_S ?s ‘ pez(expt. ) pe(;meor.)
conditions (C/cm”™) (V/cm) (V) (&) (cm /V-sec)(cm”/V-sec)
N(600) 751078 7.0x10%  0.45 650 1,0 75
0 (600) 251077 2.4x10°  0.52 220 8.0 20
H(500) 3.0X10-_8 2,8%X 104 _ .40 1400 600 190

Y

4 J



47e | UCRL-14870
" FIGURE CAPTIONS

‘¥ig. 4, Typical silicon-silicon dioxide surface field-effect
| device, l |
Fig. 2. -'Sur{a.cc conductivity ac a function of temperature for devices
treated in nlttogea (900/ 600).
Fig., 3. Surface conductivity as a Iunction of tampcrature for devices
trested in oxygen (900/600) '
Fig; 4. Surface conducﬁvity as a tuixction of tcmpgx'mto for devices
| treatsd in hydrogen (900/600). |
S‘ig; &, Surface conducﬁvity as a function of tamperature for deviéeb
" treated in hydrogen (600/500). _ - S
Fig. 6; Surface conductivity ae a function of temferatnn for devices i
tveated in hydrogen (900/500). |
Fig. 7. Carrier mobility as a function of tamperamso for devices
tmatad {n hydrogen {900/500). '
Fig 8. S:srsace potential as a function of surface~charge denaity (300°K). .
Figl. 3. Complote snergy-leval diagxm of S_i“-SiOZ'ipte,rface for device
treated in niﬁrégep (90\0/.600)-.4 ‘

%
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

o mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

) As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that

: such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract

i ——— with-the Commissien, or his employment with such contractor.
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