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ABSTRACT 

In this paper we describe an extensive study on the electrical character
istics of diffused silicon devices. The effect of the various preparation and 
treatment conditions on the properties of the devices is discussed at length. 
A general survey of the work in the field is followed by a description of the 
effect of various heat and ambient treatments on the properties of silicon
silicon dioxide. The conductivity of the interface was measured as a. function 
of temperature, and from the results the activation energ;i.es of the various 
impurity levels introduced by these treatments were determined. Some of the 
electrical parameters of the interface were also calculated. We then propose 
a model based on the formation of donor -like complexes at the Si-SiOz inter
face. A possibility of the bulk properties influencing the electrical character
istics of the interface is also suggested. The point is further investigated by 
means of the method of double injection in long diffused p+pn+ silicon diodes. 
The formation of donors both in the bulk and at the interface is then .tied up. 
We also suggest that some of the bulk effects are transferred onto the inter
face. The characteristics of some diffused silicon devices are finally dis
cussed in the light of these observations. 
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I. INTRODUCTION 

The wide spread use of silicon in the technology of oxide -passivated and 
planar devices makes it necessary for the effects of various processes on the 
electrical properties of the semiconductor to be understood. The technology 
employs various diffusions of impurities, growth of oxide films as diffusion 
masks, and several heat cyclings in different ambients. These treatments 
can profoundly modify both the bulk and the surface properties of silicon. 
From a practical point of view it is necessary for us to know the nature of the 
electrical effects introduced by these processes, as this knowledge will help 
in the characterization and development of new diffused silicon devices. Ex
perimental and theoretical investigations into the nature of these effects have 
therefore been carried out by several authors. We feel that a general survey 
of the literature could profitably be made at this stage and some of the experi
mental results obtained by us discussed in the light of the current ideas preva
lent in the field. 

In the following sections we discuss in detail a few of the effects ob
served in diffused silicon devices. In Sec. II a general survey of the work in 
the field is given, but attention is focused mainly on some problems connected 
with the silicon-silicon dioxide interface. In Sec. III, a method for studying 
the electrical properties of the interface is described, together with the 
preparation of the test devices, and various diffusions and ambient treatments. 
Section IV gives the experimental results. In Sec. V, some of the surface 
parameters are calculated; a model based on the formation of donor-like com
plexes at the silicon-silicon dioxide interface is then discussed, and a possi
bility of the bulk properties affecting the electrical characteristics of the 
Si-SiOz interface is suggested. The point is further investigated in Sec. VII,· 
where the method of double injection is applied to confirm the formation of 
donors in the bulk. In Sec. VII the formation of donors both in the bulk and at 
the interface is tied up; here too the effect of the donors on the properties of 
s.ome diffused silicon devices is also discussed at length. 
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II. GENERAL SURVEY 

A. Oxide Passivation of Silicon Surfaces 

During recent years the properties of the Si-Si02 interface have been 
investigated extensively, partly because of the use of the oxide for the passi
vation of silicon surfaces. It has been recognized lately that the oxide, while 
providing some physical protection to the surface, fails to completely stabi
lize the electrochemical nature of the system. Drift effects are known to oc
cur in the electrical parameters of the Si-Si02 interface. Considerable ef
fort is therefore being made to understand the actual mechanism of the passi
vation of silicon surfaces by the oxide, Ion drift along the oxide surface or 
within the oxide is the mechanism suggested for the lack of stabilization of the 
electrical parameters. 

Atalla et al. 1 and Shockley et al. 
2 

have studied the ion drift along the 
oxide surface and assumed that the molecules absorbed on the surface are 
ionized by the fringing field of a reverse biased p-n junction under the oxide. 
The ions then migrate along the surface, trying to establish a uniform poten
tial over the oxide surface. This Atalla model has been verified by Shockley 
et al. and recently by Nicollian and Goetzberger.3 

Another mechanism based on the charge drift within the oxide has been 
proposed recently to explain this lack of stabilization of the surface. Experi
ments by Kerr et aL4 and Kerr5 show that a layer of phosphosilicate glass on 
Si02 has a remarkable stabilizing effect on the electrical properties of the 
Si-Si02 system. They also observed formation of positive space charge and 
relatively large current flow within the oxide. Similar observations were 
also made by Yamin6 and by Revesz. 7 These results4 -7 based on the forma
tion of oxygen ion vacancies in silicon dioxide, were interpreted by Thomas · 
and YoungS" and by Seraphim et al., 9 whose oxygen-vacancy model assumes 
that (a) oxygen ions are removed at the outside surface of the silicon dioxide 
as a result of the reaction of the surface with a metal or by the application of 
an electric field (b) oxygen ions can migrate through silicon dioxide only if 
oxygen vacancies are present, and (c) phosphorus pentoxide serves as an oxy
gen source that inhibits the formation of oxygen vacancies in the oxide. 8, 9 
The degree of formation of oxygen vacancies in silicon dioxide could be deter
mined by means of details of the oxidation process. Such a model based on 
the oxide -defect structure has been proposed by Reve sz. 7 

Another proposal, by Schmidt, 10 based on electronic iinteractions be
tween impurities incorporated in the oxide film and the semiconductor sub
strate, can also account for these results; in his model10 the impurities are 
presumed to change the Fermi level in the oxide, thus causing charge trans
fer between the oxide and the semiconductor surface. 

We suggest that the possibility of fast-diffusing quenched-in defects in 
the bulk finally migrating to the interface can also probably explain some of 
t~e.se res_ults. _Bem_ski and Dias have found such 9-uenched-in defects in p-type 
s1hcon w1th a d1ffus1on constant of 1.2 X 10-7 cm2 j sec at room temperature.11 
Under various ambient and bias conditions, such defects can migrate either to 
the surface or in the bulk and cause the device to exhibit apparent lack of pas
sivation by the oxide. At this stage it seems that no definite conclusions can 
be reached about any specific models. 
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B. Silicon-Silicon Dioxide Interface 

Apart from the interest" in the stabilization of silicon surfaces by the 
oxide, considerable interest in the investigation of the properties of Si-SiOz 
interface arises because of the possibility of development of devices entirely 
based on this system. The present large-scale development of the surface 
field-effect transistors (M-0-S Field Effect Transistors) may be taken as a 

-. typical example. The field-effect transistor, a majority-carrier device with 
high input impedance and planar geometry, has many attractive features com
pared with a conventional transistor. Electronic properties such as the 
gain-bandwidth product and the noise characteristics of these devices ob- ~ 

biously depend on the system. Many authors have investigated experimentally 
and theoretically the nature of the interface and the effect of heat treatments 
under various ambients.12 -39 

Two arrangements are generally employed in the study of the electrical 
characteristics of the Si -SiOz interface: (a) metal-oxide -semiconductor 
capacitor, and (b) surface field-effect transistor arrangement. 

(a) The capacity of the M-0 -S structure is comprised of two capacities in 
series: 

( i) The geometric capacity of the oxide dielectric, and 
(ii) The capacity of the space -charge region between the oxide and the 

semiconductor. 
The first can be determined directly from the geometric considerations, and 
the second depends upon the charge in the surface states and the surface po
tential. The effect of the charge in the surface states of a particular device 
is constant and only shifts the surface potential. The effect of surface poten
tial, however, depends on several factors; when the metal is biased negatively 
with respect to the semiconductor, holes are attracted to the surface and 
form an accumulation layer on p-type silicon. On the other hand, for large 
positive voltages on the metal electrode an inversion layer is formed, with 
the electrons from inside the bulk being pulled to the surface. In both cases 
the oxide is bound by two· "metallic 11 surfaces and the total capacity is due 
only to the oxide. For intermediate de voltages tending to form an inversion 
layer, or at high frequencies, the dynamics of the minority -carrier equili
bration must be considered in detail. In any case, the capacity of the device 
is lower than that measured at high de biases because of the space -charge 
capacity coming in series with the oxide capacity. The effect of surface 
states will be to shift the capacity voltage characteristics on the voltage axis." 
This shift should provide a measure of their density. 

(b) In the second method, in which the surface field-effect arrangement is 
used, the properties of a conducting channel formed under the oxide are meas
ured. Voltages applied to the field electrode modulate the conductance of the 
channel, and various surface parameters such as the surface charge density 
and effective carrier mobility can be measured. The arrangement becomes 
particularly simple for measurements of surface properties of the inversion 
layer formed on high resistivity p-type substrate. This method as employed 
1n our studies is described in detail in Sec. III. 

Of considerable practical importance is the effect of various heat and 
ambient treatments on the properties of a silicon-silicon dioxide interface. 
It is well known that oxide layer grown thermally on high-resistivity silicon 
shows an interface characterized by a high concentration of donor states. 
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several authors who measured the density of surface states produced under 
these circumstances obtained a figure of ~1012 em -2. It is generally as
sumed that these donor states at the interface result from thermal oxidation 
of the silicon surface, and the properties of the interface are therefore en
tirely determined by this process. ·However, recent experiments have shown 
that surface properties depend considerably on various heat and ambient 
treatments. Thus, Giuliano et al. have found a considerable increase in the 
bipolar planar transistor gains when it is heat treated with hydrogen.30 This .; 
increase is attributed to reduced trapping in the surface layer. For a simi-
lar treatment Lehman31 also observed a thousand-fold increase in the source-
drain current of a surface field-effect transistor. Zaininger and Warfield33 
arid Olmstead et aL 3 7 observed hydrogen-induced surface states under the 
oxide. Our studies also showed considerable dependence of surface conduc-
tivity on these treatments;34,35 it was reported that the surface conductivity 
varied from ~7X 10-8 ohm-1-cm-1/sq for nitrogen treatment to ~zx 10-5 
ohm -1-cm -1j sq for hydrogen treatment. This dependence of conductivity on 
ambients can of course he utilized to achieve control of surface properties de-
sirable for a particular device application.36 Further studies on the system 
have revealed that the treatments in the temperature range 600 to 500°C and 
the ambient during the last annealing stage largely determine the properties of 
the Si-SiOz interface. These results are described in detail in the subsequent 
Sections. 

C. Redistribution of Impurities during Thermal Oxidation 

Also connected with studies of silicon-silicon dioxide interface is the 
redistribution of acceptor and donor impurities during thermal oxidation of 
silicon.40-44 This redistribution may result in the pile-up or depletion of 
impurities from the interface, and is governed by the segregation coefficients 
of impurities between silicon and silicon dioxide, on their distribution coeffi
cients in both the semiconductor and the oxide, and on the rate and time of 
oxidation. · Thus the impurities with a segregation coefficient C 8 < 1 are re
jected by the oxide and tend to pile up underneath it. On the other hand, when 
Cs > 1 they are depleted from the interface. The formation of single or double 
junctions under the oxide because of different segregation coefficients for dif
ferent impurities can also occur.40 

Models based on these ideas have been worked out by Atalla and 
Tannenbaum40 and by Grove et aL41 The results of the latter authors may be 
summarized as follows. Gallium, boron, and indium are depleted from the 
interface. Gallium is depleted by its rapid escape into the gaseous ambients 
through the oxide layer. Boron is markedly depleted when hydrogen is pres
ent in the oxidizing medium, probably because of the large diffusivity of boron 
in the oxide layer in the presence of hydrogen. The donor -type impurities-
phosphorus, arsenic and antimony--pile up slightly during thermal oxidation 
of silicon. These authors have also applied the M-0 -S capacitance method in 
making a semiquantitative estimate of the impurity redistribution.42 

D, Some Bulk Effects 

Several studies in the past have been made of the modifications in the 
properties of silicon subjected to various heat and ambient treatments. Large 
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donor concentrations are formed in silicon crystals heated to temperatures of 
300 to 500°C. A correlation of donor formation with the crystal-growth 
parameters and with the annealing conditions has been made by Fuller and 
Logan;45 they suggested a mechanism based 'on the formation of donor -like 
Si-0 complexes with the dissolved oxygen in silicon to explain the results. 
To elucidate the role of dissolved oxygen in silicon, Logan and Peters experi
mented with the rate of ch-emical etching of silicon.46 They found that the 
etching rate decrease.s with increased concentration of dissolved oxygen but 
increases with increased amount of precipitated oxygen in the crystal. Kaiser 
et al. conducted quantitative experiments based on infrared absorption to de
termine the oxygen concentration and to study the nature of Si-0 com-
plexes ;4 7 ,48 the optical absorption at wavelength A.= 9.3 f-1· is uniquely related 
to the dissolved oxygen in siiicon and therefore can be used to determine its 
concentration. 

Another method, proposed by Pell, 49 is based on the Li -0 interaction 
in silicon. The drift rate of Li ions in a reverse -biased p-n junction depends 
on the oxygen concentration and should provide a measure of its concentration 
in silicon. This method is m.ore sensitive than the 9.3 -f.l absorption technique 
and can be used to determine low oxygen concentration. However, concentra
tions comparable to or lower than the acceptor concentration cannot be deter- . 
mined by this method because of the ion-pairing effect between the acceptor 
and the lithium ions. 

Iglitsyn et al. recently compared the two methods and found that the oxy
gen concentration determined with the optical method is considerably less than 
the concentration found with the lithium-diffusion method, with the difference 
increasing with the increase in the total amount of oxygen in the sample.50 
No explanation for this difference, however, was given. 

Recently Corbett et al. 51 found that several infrared bands appeared 
and disappeared as a consequence of heat treatments in the temperature range 
300 to 500°C. On the basis of their results they propose models for the nu
cleation and growth of oxygen agglomerates in the vicinity of a lattice vacancy. 
The nucleus of this process could be a substitutional oxygen atom. On the 
other hand, Bemski and Dias, because of their studies of the quenched-in de
fects in p-type silicon, report a high diffusion constant-1.2X 10-7 cmZ/sec 
at room temperature -for the donor -like defect. From this they conclude 
that the defect is interstitial in silicon. 

The effect of these donor -like defects in diffused silicon devices has 
been investigated by several authors. Decrease in minority-carrier lifetime 
in both n- and p-type heat-treated silicon was observed by Asakawa,52 
Nolle,53 Nolle and Galkin,5 4 Galkin et al. ,55 and others.56 Their general 
conclusions are that the heat treatments, annealing, and quenchings introduce 
deep recombination centers in the forbidden band of the semiconductor. 
These deep-lying recombination centers have been associated with metal im
purities such as iron, gold, and copper. While studying the reverse charac
teristic s of diffused p -n junctions, Goetzberger and Shockley found that 
metals with temperature -dependent solubilities (such as copper and iron) ca~ 
form precipitates that give rise to high localized fields5 7 that soften the re
verse characteristics. They also suggest the possibility of gettering these 
metal impurities by a surface layer of boron oxide or phosphorus pentoxide. 
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Recently Mets 5 8 proposed a poisoning and gettering model to explain the re
sults of certain diffusion. conditions on the reverse characteristics of the p-n 
junctions.58 His model is based on the assumption that the clustering or pre
cipitation of fast-diffusing metal impurities at sites of high oxygen concentra
tion forms oxygen complexes and thus reduces the metal-impurity level in 
other regions of silicon. ·Oxygen will form atmospheres around diffusion
induced dislocations, depleting adjacent areas of oxygen and metallic impuri
ties. The role of oxygen has been demonstrated by copper-oxygen reactions, 
oxygen tie -up complexing to form· Si0,4 donor states, and by the effect of in-
duced dislocations. -

Our experiments on both the Si-SiOz interface and the bhlk semicon
ductor conform to the above model. The effect of heat and ambient treat
ments and the introduction of donors suggest the possibility of formation of 
donor-like Si-0 complexes both at the interface and in the bulk. The forma
tion of these complexes will he governed by the diffusion reactions, kinetics, 
and precipitation of oxygen in silicon. Fast diffusion of metallic impurities 
or defects and strain fields that are associated with dislocations and that in
hibit or enhance these·processes- can also occur simultaneously. We also 
suggest that at least some of the changes in the bulk properties of silicon are 
transferred onto the surface, thus considerably influencing the electrical na
ture of the silicon-silicon dioxide interface. 
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III. A TEST DEVICE FOR THE MEASUREMENT 
OF SURFACE PARAMETERS 

A. Measurements of Surface Parameters 

UCRL-16197 

For our experiments on the silicon-silicon dioxide interface we have 
used a typical surface field-effect arrangement; source and drain contacts 
are provided for a conducting channel whose conductivity is modulated by an 
applied transverse de field. 

Assuming a simple physical model for the oxide -semiconductor inter
face, we define two parameters, surface -charge density Os, and effective 
carrier mobility !J.e• to characterize the behavior of the device. The pres
ence of the donor-type surface states will give rise to a negative space 
charge, which for p-silicon will have a thin skirt of minority carriers- inver
sion layer-under the oxide and a wide depletion region extending into the 
semiconductor. The carriers in the inversion layer will have a certain drift 
mobility and hence the surface will exhibit a certain sheet conductivity in a 
direction parallel to the surface. By provision of appropriate electrical con
tacts to the inversion layer, it will be possible to measure this sheet conduc
tivity. The measurement should be done at electric fields low enough that 
they do not affect the conductance of the channel. The total inversion-layer 
charge, which is taken to be the charge due only to the mobile minority car
riers, can be measured by the capacity method (method ii). Knowing the 
geometry of the device and carrying out these measurements we can find the 
effective drift mobility of the carriers in the inversion layer; however, these 
parameters will depend on several factors such as the transverse electric 
field, the bulk doping clevel, and traps in the inversion layer. For high
resistivity p-silicon (resistivity> 2000 ohm-em) some of these effects can be 
neglected. The two parameterEl obtained here are thus based on a much
simplified model, but their value does permit a simple evaluation of the 
transport properties of the inversion layer. 

Consider a typical surface field-effect arrangement as shown in Fig. 1. 
The source (ns+) and drain (nn+) are separated by a conducting channel 
(n-on-p inversion layer in this case). We can do two types of measurements 
by means of this device: 

(a) The impedance R of the inversion layer, and 
(b) The negative voltage - Vf on the field electrode that just inverts the layer. 

With these measurements we can find the charge density and the carrier mo
bility across the channel. 

1. Impedance, R 

The impedance dR of a small ring (of radius r and 11length" dr) of the 
inversion layer is given by 

dR = _e_ dr 
W 2nr ' 

where p is the resistivity and W the depth of the layer. The total impedance 
is therefore 

R= 
p sloge D/d 

2n 
( 1} 
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Metal 

p-Si Substrate 

n- on-p Inversion layer 

(a} 

p-Si 
I 

(b) n-Si 1 
~ Bulk (p-type) 

Metal-4 ~ / 

~de~ 
Space charge region 

( c ) 

MUB-3046 

Fig. 1(a). Typical surface field-effect device; 
(b). Silicon-silicon dioxide interface (conducting channel) 

with source and drain contacts; 
(c). Surface potential at the silicon-silicon dioxide 

interface. 
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where p s is the sheet resistivity and D and d the outer and inner diameters 
of the layer. Now p s is also given by 

1 1 
( 2) p = --:-. ----

s Ne f.le q. W 
= 

where f.le is electronic mobility (eHective vaiue in surface layer), and Neq 
. is total charge per unit volume, as is charge per unit area in the inversion 
layer.. Combining ( 1) and ( 2), we get 

Q f.l = s e 

log D/d 
e 
2nR 

( 3) 

2. Pinch-Off Voltage, - Vf 
., 

For a quartz capacitor, 

C 1.1 E F/ 2 = --- p em , 
4nt 

where e is the dielectric constant of quartz and t the thickness of the oxide 
layer. By measuring the voltage -Vf on the field electrode that just inverts. 
the layer we can determine the charge density Q 8 ; - Vf will pinch off the chan
nel current. Therefore 

Q = ..!.:..!._.:__ X 10-12 Vf coulombs/cm2 • s 4rl . . . (4) 

. From (3) and (4) the expression for carrier mobility is 

=-1-(1.8X10
12

t 10 D). (5) 
f.le R vf E ge d 

-5 In our setup we have d = 10 mm, D = 14 mm, e = 4, and t = 7 X 10 em. The 
oxide thickness t is estimated from the data of Evitts et al.59 Therefore, for 
the surface charge density and mobility we have .the expressions 

and 

-9 I 2 Qs = 5 X 10 Vf C. em 

f.l = e 
1.06X 107 2 

em /V -sec • 
R V£ 

( 6) 

From the measurement of surface conductivity, Os = 1/p s• as a function 
of temperature we can estimate the activation energy of the donor -type sur
face states. Assuming that a single type of impurity level is present in the 
inversion layer, we can express the conductivity as a function of temperature 
by the following relation: 

· a( T) = a
0 

( T) e-6.E/kT , ( 7) 

where 6.E is the acti~ation energy, k the Boltzmann constant, T the tempera
ture in oK, and ao ( T) the known. value of conductivity at some temperature T. 
In general, ao will be a complex function of temperature; in fact, it will de
pend on the various scattering mechanisms operating 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 temperature through a power law such 
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as T -a., where a. is a small number. The. mobility will not rise as steeply 
as in the case of the bulk semiconductor. As the interface is an amorphous 
boundary, scattering by flaws will be the primary mechanism for this depend
ence. In addition to this, the. mobility will also be affected by the transverse 
electric field due to the presence of the charge in the surface states. When 
Schrief~er-type surface s~at~ering is assume~, the mo_bility will be inversely 
proport10nal to the electnc f1eld.60 If the charge dens1ty and hence the trans-
verse electric field varies with temperature, the mobility will also be affected ,. 
by them. On the whole the effect of these various processes will be toin-
crease ao ( T) as the temperature decreases. But in a temperature range 
corresponding to an energy within a few kT's of the activation energy, the ex
ponential term will dominate the temperature dependence of a(T). We can 
therefore make an approximation and estimate the activation energy from the 
slope of th:e log a vs 1/T plot. The interpretation of the data for two energy 
levels close to each other is difficult, and in such a case we give the activa-
tion energy of the leyel_that seems to primarily determine the properties of 
the inver sian layer. 

B. Preparation of Devices 

Wafers, ::::::30 mils thick, are cut along the ( 111) axis of a high-resistivity 
(>2000 ohm-em) p-type silicon bar. They are then lapped, etched in a 3:1 
mixture of HN03 :HF, washed in deionized water, dried, and loaded in a 
quartz rack for steam oxidation~ By means of oxidation, carried out for 2 
hours at 1000°C in a furnace already filled with steam, a 0. 7 -fl.-thick layer of 
quartz59 is grown on the wafers. The wafers are then cooled to about 600°C 
in dry nitrogen and removed from the furnace. 

The parts of the quartz to be saved are masked by painting of the wafers 
with picein in trichlorethylene. These parts are the quartz ring (of i. d. 10 mm 
and o. d. 14 mm). the edge, and the bottom. The masking is done with a ruling 
pen, a brush, and a small motorized turntable. The qua•rtz is dissolved away 
from the unprotected parts iri a 1:1 mixture ofNH4Y:HF, The wafers are then 
washed in deionized water and etched in CF4 for 30 sec. They are then 
cleaned thoroughly in trichloroethylene, methyl alcohol, and deionized water 
and dried. 

Wafers are now ready to be provided. with the source and the drain 
contacts- -at the parts from which the quartz was removed- -with the inver sian 
layer under the oxide. A shallow diffusion of phosphorus into the oxide -free 
parts of the surface provides the necessary n+ contacts. This diffusion is 
done in a diffusion furnace, . at 900 o C, ·by a 60 -sec predeposit period in oxy-
gen ( 1 liter /min) saturated with POCl3, followed by a 30 -min diffusion in ·• 
selected ambients. In this work we have used three dry ambit:mts: 

(a) Oxygen, 
(b) Nitrogen, and 
(c) Nitrogen for 5 min, then nitrogen and 5o/o hydrogen. 

Ambient (c) is carefully deoxidized and dried, and during processing with (b) 
and (c) precautions are taken to avoid possible streaming -in of oxygen into. 
the furnace. The furnace is allowed to cool to temperatures ~600°C under. 
the respective ambients. before the .wafers are removed. In our setup it takes 
about 45 min for the furnace to cool tQ· 6oooc and as much time to cool from 
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600 ° C to 5 00 o C. We have not made any deliberate attempt to anneal the de
vices for longer periods of time at any temperature. 

Quartz is removed from the back of the wafers by dissolving it in HF. 
The wafers are finally given a 10-sec etch in a dilute NH4F:HF (8:1) mixture, 
cleaned and dried. Then, with the device mounted on. the turntable, a ring 
contact of fusible alloy.(m. p. 47°C) is painted on the oxide. 



-12- UCRL-16197 

IV. EXPERIMENTAL RESULTS ON Si~Si0 2 "INTERFACE 

A. Effect of Ambients on Os and fle 

The channel impedance Rand the pinch-off voltage -Vf were measured 
by means of the circuit shown in Fig. 2. To avoid contact potentials, we pro
vided two spr:ing contacts each on the source and drain surfaces. During 
measurements the device was kept in vacuum. In this arrangement the source 
and the field electrode were first grounded and the drain held at a positive po
tential. The total current It- -the reverse current of the diode, Id, plus the 
channel current I- -and the voltage V across the channel were measured with 
a high-impedance voltmeter. By connecting the source to the same potential 
as the drain, Id was measured and the channel current I= It- Id obtained. 
Here I was plotted as a function of V, and the constant ratio V /I at small 
values of V was taken as the channel impedance R. Typical plots are shown 
in Fig. 3(a} through (d). With a small value of V, the channel current was 
pinched off by application of a negative voltage to the gate electrode and Vf 
was measured. Then by means of Eqs. (:6), Qs and fle were calculated. 

The experiments were performed with a number of devices prepared 
under different ambients; the r~sults are given in Table I. 

In order to check the possibility of surface imperfections affecting the 
charge density and carrier mobility, in one set of experiments we varied the 
channel length f (D-d} from 1 to 5 mm. The devices were treated in hydro
gen. Measu.rements showed the same range of values as are listed in Table I. 

In a few cases the channel impedance R at a small drain voltage was 
measured after successive etching of the oxide. The junctions were masked 
with picein and the oxide etched in dilute ammonium bifluoxide. The oxide 
thickness was estimated roughly from the color chart of Evitts et al.59 The 
impedance remained constant within a thickness of :::::1500 A of the oxide. It 
then began to increase very quickly. Similar observati.ons on the disappear
ance of the photocurrent on removal of the oxide from a p-n junction were 
made by Edagawa et al.28 

When the devices were recycled in various ambients, we found that the 
last high temperature step largely determined the properties of the interface. 
A typical case is shown in Table I (device 0646). The device -was first treated 
in oxygen and then in hydrogen. 

B. Determination of Activation Energies 

Next, we measured the conductivity as a function of temperature. The 
devices were mounted on a copper platform constructed in a vacuum chamber. 
The platform was cooled by a cold copper finger protruding outside the cham
ber. A thermocouple attached to the platform measured its temperature. 
Conductivity was then plotted as function of reciprocal temperature ( °K -1) on 
a semilog scale and the activation energy 6.E(eV) determined from Eq. ( 7). 
These results are described below and summarized in Table II. · 
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Table I. Effects of various ambients on electrical characteristics 
. of Si -Si0

2 
interface. 

Device Ambient 
R ..,yf as f.Le 

(ohm) (volts) (C/cm2) (cm2/V -sec) 

··~ 
2.1X105 6.8X10- 8 

1931 N2 13.6 3.7 

2331 5.0 14.0 7.0 1.5 

2332 10.0 14.0 7.0 0.75 

2336 4.2 14.0 7.0 1.84 

0643 9.0 15.2 7.6 0. 77 

0644 10.0 13.6 6.8 0. 78 

2532 2.8X 10
4 

45.0 2.3X 10- 7 
8.4 

2534 3.1 47.0 2.4 7.3 

0645 3.1 48.5 2.4 7.0 ,_ 

0646 3.8 50.0 2.5 5.6 

3131 H2 1. 7X 10
3 12.0 6.0X 10- 8 505 

3132 1.66 12.0 6.0 530 

3133 2.5 6.8 3.4 620 

3134 2.5 6.2 3.1 670 

0641 3.0 6.4 3.2 550 

0642 3.1 8.0 4.0 430 .. 

·~ 0646 02 7 X 10 3 
4.8 2.4X10- 8 315 

(final treat-
ment in H

2
) 
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Table II. Activation energie9 .. 

Device treatment conditions 

Nitrogen 

900/6ooa 

900/500 

900/25 

1050/600 

Assorted 900/600 

Oxygen 

900/600 

900/500 

900/25 

Assorted 900/600 

Hydrogen 

900H, N900/ 600 

900/600 

900/500 

N900/600, H600/500 

900/25 

900/600 Quenched in hydrogen 

a Annealing range in ° C. 

6.E ( eV) 

0.39 

0.36 

.0.36 

0.39 

0.39 

0.30 

0.26 

0.26 

0.30 

0.38 

0.16 

< 0.1 

< 0.1. 

< 0.1 

< 0.1 

UCRL-16197 

da/dT 

+ ... 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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1. Nitrogen Treatment 

For devices treated in nitrogen, the conductivity falls steeply as the 
temperature is lowered. The activation energy obtained from the log a vs 
1/T plot (Fig. 4) is 0.39 ± 0. 01 eV for devices pulled out at 600°C N (900/60.0). 
We found the activation energy to be lower (=0.36 eV) if the devices were re
moved at a temperature :S:500°C N (900/500). Cooling the devices. to room 
temperature did not make any difference in this value, 

To check the possibility of the earlier higher temperature (steam oxida
tion at 1000°C) having any effect on the device behavior, we carried out the 
phosphorus diffusion at 1050°C. The device was cooled to 600°C N ( 1050/600); 
the activation energy was 0.39 eV. In another g.roup of experiments we used 
a number of devices each having a different previous history, including multi
ple heat treatments, and carried out the 900 to 600 oc 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 layer 
formed on low-resistivity. (50 ohm-em) p-silicon, the conductivity decreased 
slightly as the temperature was lowered, even to liquid nitrogen temperature. 

2. Oxygen Temperature 

For devices treated in oxygen and cooled to 600°C 0 (900/600) the acti
vation energy is 0.30 ± 0.01 eV (Fig. 5), and when they were cooled to:::; 500°C 
0 ( 900/500) it is 0.26 eV. Again, the previous history did not matte.r. In the 
case of oxygen we suspect two activation energies but from the conductivity 
measurements it is not possible to establish either their existence or their 
exact values. 

3. Hydrogen Temperature 

We carried out several types of heat treatments with hydrogen (plus 
nitrogen) as the ambient. In the first type, the introduction of hydrogen into 
the furnace (at 900°C) for 10 minutes was followed by the introduction of nitro
gen; another time hydrogen was introduced for 30 minutes, and again was fol
lowed by nitrogen, The devices were removed at 600°C. The activation 
energy in both cases was 0.38 eV H (900H/600N) and were similar to that of 
the nitrogen case. For devices cooled to 600°C in hydrogen only, H (900/600), 
the value was 0.16 eV. When the devices were cooled to 500°C H (900/500), 
the activation energy was less than 0.1 e V, and the sign of the coefficient of 
the electrical conductivity as a function of temperature changed from plus to 
minus. This same result was obtained for devices cooled in nitrogen from 
900°C to 600°C but in hydrogen from 600° to 500°C H (900 to 600N/600 to 
500 H), and for devices quenched in hydrogen at 600°C, The conductivity at 
liquid-nitrogen temperature was ~2.5 times the conductivity at room tempera
ture. For these devices we also measured carrier mobility as a function of 
temperature. 

The results for hydrogen treatments are shown in Figs. 6 through 9. 
The flip-over of the sign of the conductivity coefficient probably occurs at a 
temperature of ~570°C, i.e., devices pulled out of the diffusion furnace at a 
temperature> 570°C have a plus sign and< 570°C have a minus sign. Hydro
gen treatment also reduced the diode reverse current. 
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Fig. 5. Surface conductivity as a function of temperature for 
devices treated in oxygen ( 9 00/ 600). 
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Fig. 6. Surface conductivity as a function of temperature for 
devices treated in hydrogen (900/600). 
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Fig. 9. Carrier mobility as a function of temperature for 
devices treated in hydrogen (900/500). 
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V. CALCULATIONS OF SURFACE PARAMETERS 

In this section we calculate the various parameters that occur in the de
scription of the electrical properties of the inversion layer. Table III shows 
the data on the surface -charge density, the effective carrier mobility, and 
the impurity levels (~E). In our case, because of the high surface -charge 
density and the high resistivity of the substrate, we can easily calculate the 
surface potential <Ps from the knowledge of the surface charge density Os. In 
calculating the space charge functions we can neglect the terms corresponding 
to the bulk potentials. Also, because of the high density of donor states, the 
contribution to the space charge from the holes can be neglected. The as.
sumption is justifiable because of the occurrence of the hyperbolic terms in 
the description of the space charge functions. 

The charge density at a point corresponding to a potential <j> (Fig. 10) m 
the space -charge region is therefore given by 

p c = -q ni exp( q<j>/kT) = -q ni exp( u) ( 8) 

where q is the electronic charge and ni the carrier density in the intrinsic 
bulk semiconductor. Hence, if we solve Poisson's equation. 

d 2<j> 4 TrPc 4rr 
=- -.- =- q n. exp(u), (9) 

dx2 E E 1 

the surface charge density, Os, is given by 

Qs = 2 q ni LD exp(U s/2) 

and the surface excess is given by 

~N = 2n. LD exp(U /2), 
1 s 

where 
' 2 1/2 
LD=(ekT/8rrq ni) 

( 10) 

( 11) 

is the De bye length, and Us is the surface potential in units of kT / q, E is the 
dielectric constant of the materiaL These e{uations are equivalent to putting 
ub = 0 in Kingston and Neustadter Is function6 

F(Us' Ub) = . .JZ ((Ub -Us) s~nh Ub +cosh Us-- cosh Ub]
1

/
2 

(12) 

Table TTL Electrical properties of the inversion layer. 

Device -treatment ao( 300°K) Os( 300 °K) fle(300°K) ~E 

conditions (ohm -1-cm -1} (C/cm2) (cm2/V -sec) ( e V) 

N( 600} a 7.5X 10- 8 7.5X 10-8 1. 0 0.39 

0( 600) 2.0X10- 6 
2.5 X 10 

-7 8,0 0.30 

H( 500) L8X10-S 3,ox 10- 8 600 <0.1 

a Ambient, and temperature in oc at which the devices were removed from 
the furnace. 
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Fig. 10. Surface potential at the silicon- silicon dioxide interface. 
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With the assumption that ni = 1.5 X 10
10 

/cm
3 

and Ln = 2.4 X 10-3 em (at 
300 °K), Qs is calculated as a furiction of Us in Fig. 11. For comparison a 
few of the functions F(U S• Ub) have also been shown. 

From the knowledge of Qs we can calculate the electric field Es acting 
on the carriers. It is given by: 

E 
Q = E s 41T s 

( 13) 

From <l>s and Es we estimate the "thickness" t oftheinversionlayer in which 
the charge is confined to move, i.e., t = <Ps/Es. 

Knowing the impurity levels, the surface potential, and the bulk resis
tivity, we can draw the complete energy-level diagram of the surface. This 
diagram for a device treated in nitrogen is shown in Fig. 12. 

. It is interesting to compare the measured values of the effective carrier 
mobility f.le with the one theoretically derived. Calculation of the mobility as 
a function of transverse electric field based on the Schrieffer -type scattering 
has been done by Root and Vadasz.23 Our values, calculated on their model, 
together with other parameters, are given in Table IV. Although the experi
mental and theoretical values for mobility agree in a general way for oxygen 
and hydrogen, those for nitrogen are very far apart. This treatment evi
dently introduces trapping centers with a large capture cross section, and 
thus reduces the lifetime of the carriers and hence the effective mobility. 
For hydrogen, the high value of the experimental mobility compared with the 
low value of the theoretical mobility can be due to the factthatthewidth ofthe 
charge s:Q.eet ( ::::::1.400-A} in which the·carrfers ar·e confine-d to move is much wider 
than the bulk mean-free -path length (::::::900 A) of the carriers. The effect of high 
charge sheet will be to reduce Schreiffer -type scattering, and the model will 
not be applicable in this case. The mobility will therefore tend to attain the 
bulk value. This is obviously not so for the oxygen treatment. Here the sur
face scattering is predominant, and t;he agreement between theory and experi
ment can be considered to be very good. 

Table IV. Surface parameters {300°K). 

Device-
Qs E <Ps t f.le( expt.) f.le( the or.) 

treatment s 
conditions (C/cm

2
) (V/cm) ( V) (A) (cm2/V-sec) (cm2/V-sec) 

N( 600}a 7.5X 10- 8 
7.0X 10

4 
0.45 650 1.0 75 

O( 600) 2.5X10- 7 
2.4 X 105 0.52 220 8.0 20 

H(5 00) 3.0X10- 8 
2.8X10

4 
0.40 1400 600 190 

a Ambient, and temperature in oc at which the devices were removed from 
the furnace. 
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VI. PROPOSAL REGARDING THE FORMATION OF 

DONOR-TYPE COMPLEXES AT THE INTERFACE 

UCRL-16197 

Several things are known to happen at the oxide -semiconductor inter
face as a result ot diffusions and heat treatments. A general survey of these 
effects is already given in Sec. II. The pile -up of donor -type impurities and 
depletion of acceptor -type impurities from the interface is interesting. Then 
there is also the possibility that the surface will pick up phosphorus or other 
donor -type impurities from the etchants. This could give rise to effects that 
could be significant for high-resistivity p-type silicon. Apart from the im
purity redistributions under the oxide, the defect structure of the oxide itself 
can affect the electrical properties of the interface. Formation .of oxygen-ion 
vacancies or trapped charge within the oxide are a few of the things attributed 
to the oxide. Studies on the defect structure of the oxide have been made by 
Edagawa et al;28 their electron diffraction analysis shows that the crystalliza
tion of SiOz near the interface region is more perfect than that of the outside 
region. Their results also show the 9. 3 -1-L absorption band in thermally grown 
oxide films and has been assigned to the stretching vibration of Si-0 bond. 

In this context we should also remember some of the well-known effects 
of heat treatments in the bulk semiconductor. That the heat treatment of sili
con at a temperature of ~soooc marks a transition point in the properties of 
the material is clear from the survey given in Sec. II. Also, the change in 
the electrical properties of silicon can very well be ascribed to the presence 
of oxygen and the formation of various complexes with silicon at different 
temperatures. Interaction of oxygen with both the disiocations and the im
purities in the semiconductor can also occur and give rise to several effects. 
These phenomena appear striking in the context of our work. From this it 
appears that without any special attributes being assigned to the oxide, an ex
planation for the results reported here could be sought in the kinetics of pre
cipitation and formation of agglomerates. To illustrate the assumption we 
can refer to the hydrogen treatments. Devices pulled from a furnace at 
600°C show a temperature dependence dominated by the presence of deep 
energy levels. This dominance could be due to the formation of some Si-0 
complex at a temperature >600°G. On the other hand, when hydrogen.is 
present in the temperature range 600-500°C the conductivity of the devices 
rises with lowering temperature. Apparently the formation of complexes is 
suppressed by the presence of hydrogen in this temperature range. The oc
Currence of various activation energieS can be considered to be due to the 
formation of several different SiOx complexes in the presence of high or low 
oxygen concentrations. Further, the oxide -semiconductor interface, being a 
boundary of two elastically dissimilar materials, will give rise to strain 
fields that can affect the kinetics of these processes in this region. In fact, 
this interface seems to be a natural site for the precipitation and formation of 
various defects and complexes. In addition, if the quenched-in defects are 
interstitials they will rapidly migrate to the surface and give rise to various 
effects. On the basis of the present data we cannot propose any definite 
models that will explain the detailed nature of these complexes and the exact 
role they play in determining the properties of the interface. We can, how
ever, emphasize that the space-charge region, being electrically active, will 
be very sensitive to the interactions that can take place at the oxide -semicon
ductor interface. 
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From these .arguments it is evident that processes similar to the one 
going on in the bulk can take place at the Si-SiOz interface subjected to vari
ous heat and ambient treatments. But the role of the bulk properties, after 
treatment, on the properties of the interface is not y.et clear. It is not known 
what types of changes take place in the bulk properties of. high-resistivity 
silicon used for diffused devices. Several techniques could be employed to 
correlate the electrical effects with the device treatment conditions in the in
vestigation of these properties. For instance, the reverse breakdown phe
nomena in diffused silicon p-n junctions could be correlated with the bulk 
changes. 62 But in most of the techniques the surface effects have a .consid
erable influence in determining the device behavior. In order to test the idea 
of donor -formation in silicon, we have therefore used the method of double 
injection in long p+pn+ diffused silicon diodes.63 Some of these ideas and 
techniques are discussed in the following sections. 

.. 
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VII. DOUBLE INJECTION IN LONG p +pn +DIFFUSED SI~ICON JUNCTIONS 

A. Introduction 

The concept of two -carrier injection in semiconductors has received 
considerable attention in both theoretical and experimental investigations.64-67 
In the earlier studies of double injection into solids, only space -charge 
limited currents in a trap-free semi-insulator were investigated. Subse
quently Lampert extended this analysis to the case of double injection for high 
injection level and in the presence of deep-lying traps in the forbidden band of 
the material. His analysis, based on the recombination kinetics and the 
space -charge effects, predicts three regions in the voltage -current character
istics of a sample of length L: (i) an ohmic region for low applied voltages V, 
(ii) v2jL3 region determined by the recombination kinetics, and (iii) v3jL5 
region at high injection levels determined both by the recombination kinetics 
and the space-charge effects. In the presence of deep-lying traps the possi
bility of negative resistance, because of the variation of lifetimes of holes 
and electrons with the injection level, is also predicted by this analysis. 
However, as pointed out by Lampert, this analysis neglects the carrier dif
fusion effects. 

A general experimental confirmation of this model has been obtained by 
several authors. 6 7-73 However, Baron et al. 70 find that while applying 
Lampert's theory, they must take into account the carrier diffusion effects. 
In fact, Baron 74 has extended Lampert's analysis and included the effects of 
diffusion; his model has been verified by Mayer et al., 75 who used silicon 
p-i-n structures fabricated by the Li-ion drift techniques. 

Here we apply some of these ideas in investigating the properties of 
silicon subjected to different heat and ambient treatments. We assume that 
these treatments introduce donor -like complexes with deep levels in the for
bidden band of silicon. If such deep levels are pre sent then it should be pas
sible for one to detect their presence by the method of double injection and 
the occurrence of negative resistance in the I-V characteristics of the long 
diode structures. That such is indeed the case is shown in the following. 

B. Principle of the Method 

Let us consider a long bar of high-resistivity p-type silicon (resistivity 
:::::6000 ohm-crri, acceptor concentration NA::::: 2.2 X 1012 em -3) with p+ and n+ 
diffused contacts at two ends. Let us also assume that deep donors, Nn cm-3, 
are introduced in the material as a result of diffusions and, heat treatments. 
When all the donors are ionized their effect will be to partially compensate 
the acceptors and thereby increase the resistivity of the p-type silicon. The 
increase in the resistivity makes the observation of double injection in the 
device possible. The nature ·of the double -injection current density will be 
determined by the actual values of NA and ND. In fact it will depend upon the 
type of relaxation mechanism available for the injected carriers. Lampert 
and Rose suggest two relaxation modes that determine the relaxation times.64 
The first is the ohmic relaxation time to= pe, where p is the resistivity and e 
the dielectric constant; the second is the electron transit time tn = L2 / 1-Ln V, 
where L is. the length of the device, 1-Ln the electron mobility, and V the 



-32- UCRL-16197 

applied voltage. Whichever of the two relaxation times is shorter will deter
mine the relaxation mechanism. Of course, the carrier lifetime T should be 
higher than to or tn. Applying these ideas, they derive equations for the 
three regions of the characteristics. At low voltages the current density J is 
given by Ohms law 

( 14) 

where q is the electronic charge, nT and PT ·the thermal equilibrium densi
·ties of electrons and holes, and f.Ln and f.Lp their mobilities, respectively. 

When to< tn the current density is given by 

J = (918) q T flnflp (pT -nT) V21L3 

On the other hand when tn <to we have the y3 IL5 region where 

J = < 12 5 I 18) E 'T f.L f.L v 3 1 L 
5 

. n p 

( 15) 

( 16) 

Equation ( 15) suggests that the effect of Nn ~ NA will be to suppress the 
y2 IL3 region. That is, in the intrinsic material the ohmic region would 
merge into the y3 IL5 region where both the recombination kinetics and the 
space -charge effects become dominant. To illustrate this on physical 
grounds, we say that it is as though a large part of the current "flows" into 
the. recombination centers and not in the external circuit. This happens until 
the mechanism is saturated when the third region begins. The implication of 
this in the deterioration of carrier lifetime is obvious and can be seen from 
the inequality derived by Lampert and Rose64 

-2 
T<6(b+1)pE(1-<j>) , 

5 
where b = f.Lnlf.Lp and <j> = nTIPT· As an illustration, take p ~ 10 ohm-em, 
b = 3, E = 12, <j>< 0.1, and T< 2.5 f.LSec. The lifetime of the starting material 
is generally ~1000 f.Lsec. 

On the other hand, when Nn< NA the ohmic region of the I-V character
is tics will be followed by the y2 IL3 region. In this region only the recombi
nation kinetics dominate the current -flow mechanism. In fact these recombi
nation kinetics present a possibility for one to observe negative resistance if 
the electron- and hole -capture cross sections o.f the recombination centers 
are different. They could be different, for instance when the donors ar.e neu-, 
tral, i.e., when the device is operated at temperatures low enough to freeze 
the deep donors. That such a situation -ap >ON, where ap and ON are the 
capture cross sections of holes and electrons respectively -leads to the oc
currence of negative resistance can be seen in a simpler way: At low voltages 
the current is given by Ohm 1s law, the applied field giving a net directional 
velocity to the carriers. As the injection level is increased, the recombina
tion mechanism starts operating~ At moderate levels ap is larger than aN. 
Accordingly, if the increase in the electron density in the 'region near the n+ 
contact more than compensates the decrease in the hole density in the region 
near the p+ contact, then the net conductivity of the device increases. With 
further increase in the injection level this phenomenon sweeps across the 
whole semiconductor and effectively turns it into ann-type semiconductor. 

.• 
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Of course, after a certain stage both the capture probabilities become equal 
and the negative -resistance regime is terminated. At high injection levels 
both the recombination mechanism and the space -charge effects govern the 
conduction process. 

We now estimate the order of magnitude of relaxation times: Again take 
p ~ 105 ohm-em, e = 12, and to~ 0.1 f.!.Sec. On the other hand, the electron 
transit time tn = L2/f.ln V = 25 f.!.Sec for L = 6 mm, f.ln = 1500, and V = 10 volts. 
In this case we should observe the y2 /L3 region of the characteristics. The 
y3 /L5 region will begin at V ~ 25 00 volts. 

In the experiments described below, the fact that we have observed most 
of these effects lends support to the assumption that deep donors .::ue intro
duced in silicon subjected to various treatments. By this method it also be
comes· possible for us to estimate their concentrations, activation energies, 
lifetimes, and some information about the physical parameters of the diffused 
devices. 

C. Preparation of Devices and Measurements 

Diffused p + pn + silicon diodes were fabricated by the same oxide
masking techniques used in the technology of oxide -passivated and planar de
vices. Rectangular blocks 270 by 120 by 120 mil were sawed from high
resistivity float-zoned p-type silicon. They were then lapped; etched in a 
3:1 mixture of HN03:HF; cleaned with deionized water, methyl alcohol and 
trichloroethylene; and blast-dried. Next they were loaded in a quartz furnace 
( ~ 1000 oc) where the p+ contact was _provided by boron diffusion. The boron 
source was BI3 and the carrier gas was dry nitrogen plus 5o/o hydrogen. Pre
deposit of 1 hr followed by a diffusion of 2 hr are carried out at the same tem
perature before the furnace was turned off. The devices were removed when 
the furnace was cooled to <600 °C. One of the faces of each device was then 
masked with picein in trichloroethylene. The devices were etched in 3:1 for 
45 sec and cleaned as above. Steam-quartz ( ~ 0. 7 -f.l thick) was then grown at 
1000°C for 2 hr. Then the devices were masked, leaving the side opposite 
the boron side exposed; the oxide from this exposed side was removed by a· 
1:1 mixture of NH4F:HF. They were then given a quick etch in CP4 and 
cleaned, after which phosphorus diffusion, as described in Sec. IILB, was 
carried out. Finally the oxide from the devices was dissolved in HF, leaving 
the finished diodes ~6.5 by 2.8 by 2.8 mm. 

The I-V characteristics of the diodes were measured and plotted on a 
log-log scale. During measurements the devices were placed in vacuum 
chamber, and most of the measurements were done at room temperature, al
though the negative resistance was observed at 100 °K. About a hundred de
vices were prepared and tested with results shown in the following sections. 

D. Experimental Results 

+ + Several p pn diodes were prepared with nitrogen as the ambient in the 
last diffusion step. The devices were annealed at temperatures as high as 
600 oc or 500 o C. Typical I-V characteristics plotted for them are shown in 
Fig. 13. The ohmic and the square -law regions are clear from the figure, as 
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Fig. 13. I-V characteristics for p+p n+ devices treated in nitrogen. 
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is also the effect of carrier diffusions at low applied voltages. Changing the 
anne~ling conditions did not make any difference in these characteristics. 

Similar results were obtained when the devices were annealed in the 
other two ambients, oxygen and hydrogen. Again, the annealing temperatures 
did not seem to matter. 

In all these devices the resistivity, as measured in the linear portion of 
the I-V characteristics, increased considerably. The resistivity of the start
ing p-type silicon was about 6000 ohm-em. The range of final resistivity was 
generally between 15 000 and 30 000 ohm-em, though in a few cases it was as 
high as 50 000 ohm-em. From the increase in the resistivity we can estimate 
the concentration of donors introduced as a result of these processes. We 
have determined Nn, assuming that NA-Nn= 1/ pq f.lp (where NA is the ac
ceptor concentration of the starting material, Nn the donor concentration 
after diffusions, and p the final resistivity). These results along with other 
parameters are given in Table V, together with the various annealing condi
tions. 

In the case of a few devices, both the n +- and p +-junctions were masked 
and the sides successively etched in 3:1 mixture of HN03:HF to a depth of 
several mils from the surface. The I-V characteristics were plotted after 
etching. A typical case is shown in Fig. 14, where the etching depth was 16 
mils. The results clearly show that the properties of silicon after heat and 
ambient treatments are modified uniformly throughout the bulk. 

We also prepared a few n +pp +diodes, for which the diffusion cycle was 
completely reversed. Phosphorus diffusion was carried out at 1000°C for 30 
min; this was followed by 2 hr of oxidation; finally the boron diffusion was 
done at 9 00 o C with a predeposit period of 5 min in ambient (iii) and 25 -min 
diffusion in various ambients. The devices were removed when the furnace 
had cooled to 600° C. The characteristics of n+pn+ devices treated in nitrogen 
are the same as those of p+pn+ devices under similar conditions (Table V). 
But the characteristics of the two types of devices treated with the other two 
ambients differ in some respects. A typical case of a n+pp+ device treated in 
hydrogen is shown in Fig. 15. Apparently, either (a) the formation of donors 
is considerably suppressed, or. (b) the energy level is reduced (thereby modi
fying the recombination kinetics) or (c) both happen. What does happen, how
ever, cannot be definitely established at this stage. 

In two groups of experiments we varied the length L of the diode struc
ture and measured the I-V characteristics. The results for one group are 
shown in Fig. 16. In Table VI the current density J, v2 and L3 are listed for 
the square -law case. The effect of carrier diffusion at low applied voltages 
and for shorter structures is obvious from these results. 

This carrier diffusion can, however, be made use of to measure the ac
tivation energy of the donors introduced in the p-type silicon. In several 
cases we have measured the diode current as a function of temperature at low 
applied voltages, and from the log I vs 1/T plot determined the activation 
energy 6.E (eV) of the donors. ·These values are given in Table V and a typi
cal case is shown in Fig. 17. In a few cases, the results were checked by 
measuring the diode reverse current as a function of temperature. 
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Fig. 14. I-V characteristics after successive etching of the sides 
in 3:1 HN0 3 :HF. 
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Table V. Properties of long diffused silicon-diode structures (starting 
material, p-type silicon, resistivity 6000 ohm-em, carrier 

lifetime 1000 fJ.Sec, N A= 2. 2 X 1012 em -3) 

Device Length v12 J 12 p ND E 
( No.,ambient, temp) (mm) (volts) (amp[cm2) (ohm-em) (em -3) (eV) 

+ + p pn 

1 N 600a 6.5 17 6.1X10
4 

3.7X10
4 

1.86X10
12 

0.32 

2 N 600 6.5 15 4.5 4.9 1.95 0.30 

3 N 500 6.5 12 6.4 2.8 1. 75 0.29 

4 N 500 6.5 13 7.4 2.5 1. 71 0.33 

5 H 600 6.4 18 7.0 3.9 1.87 0.32 

6 H 600 6.6 21 7.9 4.0 1.88 0.33 

7 H 500 6.5 18 10.2 2.8 1. 74 0.30 

8 H 500 6.5 16 9.2 2.8 1. 74 0.30 

9 0 600 6.4 14 7.1 3.1 1. 79 0.36 

10 0 600 6.4 15 6.6 3.8 1.87 0.32 

11 0 5 00 6.2 12 6.9 2.4 1.68 0.36 

12 0 500 6.4 15 7.0 3.3 1.82 0.34 

+ + n pp 

1 N 600 6.3 20 13.0 2.4 1.69 0.32 

2 N 600 6.3 24 12.7 3.0 1. 78 0.29 

a Ambient, and temperatures in oc. 

·-
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Fig. 15. I-V characteristics of a n + p p + device treated in hydrogen. 
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Fig. 16. Current density as a function of applied voltage and length 
of device. 
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Fig. 17. Diode current as a function of reciprocal temperature 
( °K) for low applied voltages. 
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Table VI. Effect of length on the I-V characteristics (calculated for the 
current density J = 6X 10-2 amp/cm2). 

L 
V2/L3 (mm) (volts) 

5.2 90 5. 75 X 10
4 

4.2 60 4.85 

3.2 44 5.86 

2.2 16 2.40 

1.2 3.7 0.80 

Negative resistance in the I-V characteristics was observed when the 
devices were cooled. In our set-up this was done at 100°K, A typical exam
ple is given in Fig. 18. The appearance of two regions of negative resistance 
is surprising and could be due to the presence of two types of recombination 
centers, one of them strong and the other weak. Another possibility is that 
ap >On in one region and an> ap in the other. 

In another allied experiment we measured the resistivity of siliconafter 
boron diffusion alone. Predeposit of 5 min and diffusion of 25 min were done 
at 900°C, and the devices then cooled to 600°C in hitrogen. The p+pp+ 
structures ( 6.5 mm long) were then prepared by masking and etching. The 
I-V characteristics showed the ohmic region with diffusion currents at low 
applied voltages; the resistivity and hence the donor concentration as calcu
lated from these measurements was again in the same range of values as 
shown in Table V. This experiment demonstrates that the donors form in the 
first heat treatment. Although the subsequent heat treatments and diffusions 
apparently do not change the formation of these donors, the possibility of 
such changes at higher temperatures or under various predeposit and diffu
sion conditions has not been investigated. 
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Fig. 18. Obse.rvation of negative resistance (at 100 °K}. 
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VIII. DISCUSSION 

That .the heat and ambient treatments bring about changes in the electri
cal properties of both the silicon-silicon dioxide interface andthe bulk sili
con is clear from the survey given in Sec. II. Our experimental results in 
this report also clearly demonstrate that the properties of both the bulk sili
con and at the Si-Si02 interface are modified. In both the cases deep donors 
are introduced after these treatments. To explain these results we postulate 
that donor -like complexes are formed through the diffusion reactions, kinet
ics, and precipitation of oxygen in silicon. Fast diffusion of certain metal 
impurities or defects, strain-fields associated with dislocations, surface im
perfections, or certain impurities on the surface, mismatching of atomic 
radii of impurities in silicon lattice (like boron in silicon76), and the pres
ence of residua,! oxygen in silicon crystals- -these could be some of the fac -
tors influencing the several processes that can t<:Lke place sim:ultaneously. At 
the Si-Si02 interface the formation of these complexes is further governed by 
the various ambients which, at high temperatures, diffuse through the oxide. 
Although on the basis of the present data it is not possible to propose the 
various chemical reactions that can take place, tl;re hypothesis regarding the 
formation of donor ..;like complexes, however, can very well explain .the re
sults reported here. It also becomes possible .for a few of the difficulties .en
countered in the operation of some oxide -passivated and cl,iffused silicon de
vices to'be understood. Before considering these aspects we compare the 
properties of Si-Si02 interface with those of the bulk silicon. 

From the increase in resistivity of p-type silicon as measured in the 
experiments of double injection, we estimate the average concentration. of the 
donors to be about 1.8X 1012 cm-3 with an activation energy equal to 0.32 eV. 
An estimate of carrier lifetime can al.so be. made as follows. Defining V 12 
as the cross-over voltage. from the ohmic to the square-law region of the I-V 
characteristics,. the electron transit-time tn:(::::: L2 / f.ln V 12 ) can be taken as a 
m,easure of thecarrierlifetime~67 Assuming f.ln= 1500 cm2jV-sec and taking 
V 12 = 15 volts and L = 6.5 rnm, we get tn = 18 f.LSec.- This will of course be the 
minimum lifetime. As shown in Table V, these parameters do not seem to 
depend on the device preparation conditions. We take the lack of this depend
ence on the ambients during diffusion- to indicate that the Si -0 complexes 
form with the residual oxygen in silicon crystals. The several factors gov
erning the diffusion of gases in silicon therefore do not enter in the picture. 
That the donor concentration. in the p+pp+ resistor should also be the same 
( 1.8X 1012 cm-3) further supports the point. Although the crystals used in 
our experiments were grown by the vacuum float-zone techniques -we have 
used crystals from several sources -residual oxygen to the extent of 1013 
atoms/c. c. is understandable. In fact, the importance of low oxygen concen
tration of this order of magnitude has not been realized so far, nor are there 
analytical techniques available for the determination of such concentrations. 
Electrical methods should provide a means for their determination. 

The role of residual oxygen in the bulk silicon .is further illustrated by 
the results of silicon-silicon dioxide interface. When the interface is .. treated 
under oxygen we findthe concentration of donors to be 1.6X 1012 cm-2 with an 
activation energy of 0.31 eV. Interestingly, the value of the activation energy 
tallies very closely with the one found for the donors in the bulk. This sug
gests a strong possibility that the same Si-0 complexes form both in the bulk 



-44- UCRL-16197 

and at the interface. The residual oxygen in the crystal or diffused through 
the oxide at the interface, as well as various metal impurities, defects, and 
dislocations, would govern the ·process of formation of the donor -like com
plexes both in the bulk and at the interface. By the same reasoning one 
would also expect that some of these bulk effects are reflected onto the sur
face when the devices are treated under ambients other than oxygen; thus ~he 
electrical nature of the Si-02 interface is considerably influenced. This is 
also probably why the density of surface states under the oxide, ·as deter
mined by several authors, should lie in the range 1011 to 1012 cm-2. 

As mentioned above, the presence of deep donors and the consequent 
reduction in the lifetime will have considerable effect on the properties of 
diffused silicon devices. That they should act as a source of generation
recombination noise 77 in these devices is obvious. The noise characteristics· 
of the devices based on the Si-Si02 interface, 78 like the surface field-effect 
transistors, will be very much dominated by these deep donors. Generation
recombination noise and noise due to changes in the carrier densities as a 
result of thermal fluctuations 79 will therefore be present in devices treated 
under nitrogen and oxygen. Surface. traps in the nitrogen treatment can be 
one of the sources of low-frequency noise in these devices. On the other 
hand, the surface devices treated in hydrogen H(900/500) exhibit the typical 
T -a law for the mobility. These devices should also be quieter than those 

, treated in nitrogen. 

The deep donors in the bulk will also present a serious problem in the 
operation of devices such as the diffused silicon p-n junction nuclear
radiation detectors32,36 at low temperatures.80 Detectors prepared from 
high-resistivity p-type silicon will have a concentration of acceptors not too 
different from the concentration of donors introduced in the various stages of 
processing. At low temperatures the trapping of holes by the frozen donors 
will interfere with the charge collection and thus spoil the energy resolution. 
A similar problem comes up in the preparation of oxide-passivated Li
drifted silicon p-i-n junctions from high-resistivity p-silicon. Several at
tempts to prepare such devices in this Laboratory were failures. 81, 82 

Naturally at this stage the question arises whether it is possible to 
suppress the formation of donors in silicon subjected to various treatments. 
It seems that some gettering of these donors can take place by controlling 
the temperature, ambients, and the predeposit period during the diffusions. 
As these results are in the preliminary stages they cannot be discribed in 
detail. 
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IX. SUMMARY 

We have considered in detail the properties of silicon-silicon dioxide 
interface and bulk silicon subjected to various heat and ambient treatments. 
First, we surveyed the literature and discussed the various ideas prevalent 
in the field. 

We next described a method for measuring the electrical parameters of 
silicon-silicon dioxide interface by employing a surface field-effect transis
tor as a test vehicle. 

The effect of various ambients on the charge density and carrier mo
bility across the interface was studied. From the temperature dependence of 
the surface conductivity, we calculated the activation energies of the levels 
introduced by these treatments. 

From the knowledge of surface charge densities and activation energies, 
we prepared energy -level diagrams of the interface. Some of the transport 
properties of the channel we then discussed. 

On the basis of the results of the quenching experiments, a tentative 
general theory involving precipitation and formation of Si-0 complexes at the 
interface was suggested. We suggested also that the role of the bulk proper
ties, after these treatments, on the properties of the interface should be con
sidered, and for this reason we investigated the bulk properties, using the 
method of double injection in long p+pn+ diffused silicon diodes. 

We showed that the considerable compensation in high resistivity p-type 
silicon occurs due to the introduction of donors after various heat and ambient 
treatments. This compensation made the observation of double injection in 
the devices possible. 

From the results the concentration of donors and their activation energy 
were determined. 

The possibility of formation of donor-like Si-0 complexes (with there
sidual oxygen in the silicon crystals) both in the bulk silicon and at .the inter
face was emphasized, as was also that some of the bulk effects were trans
£erred on to the interface. · 

The characteristics of some diffused silicon devices were finally dis
cussed in the light of these observations. 
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