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[57] ABSTRACT 
An electroptical system for controlling the diameter of 
crystals pulled from a melt wherein separate process 
control loops simultaneously provide: (1) closed loop 
melt tracking for the system optics, (2) direct crystal 
diameter closed loop control, and (3) normalizing 
brightness control for a novel photodetector and asso 
ciated novel optical geometry of the system. This pho 
todetector is uniquely constructed to simultaneously 
provide the above three functions and is further espe 
cially adapted for use as an integral portion of various 
feedback loops which comprise the electroptical sys 
tern. 

20 Claims, 7 Drawing Figures 

ii” ‘P 24’ TO PRE 
AMPLIFIERS 



3,740,563 Patented June 19, 1973 

3 Sheeta~$heet 1 

FIG. IB 

M 

a 8 é 1 w 5 
1/ 0 /, J/ 04 4 4 4 \ a 

) / f \ z m 

m 2 

M “CS; \ \? 

/! . .‘ .\ \ n 

y u$$§\ W 

F _ ,\ \ \. _ _ 

2 . h. 

m. T F 0w W 
# 

INVENTOR 

THOMAS E. REICHARD 

BY - 

M4444; 9 MM 
ATTORNEY 



Patented Jurge 19, 1973 3,740,563 

3 Sheets-Sheet 2 

TO BULB 
POWER SUPPLY 

FIG. 3 T0 PULL 
RATE 

SERVO MOpOR TO MELT TRACK 
ING PROCESS 
CONTROLLER 

TO TEMPERATURE 
CONTROL SYSTEM 

INVENTOR 

THOMAS E. REICHARD 

BY _ I 

\ \ ‘ Judah”; gab.“ 
. ATTORNEY 





3,740,563 
1 

ELECTROPTICAL SYSTEM AND METHOD FOR 
SENSING AND CONTROLLING THE DIAMETER 
AND MELT LEVEL OF PULLED CRYSTALS 

FIELD OF THE INVENTION 

This invention relates generally to pulling single crys 
tals from a melt and more particularly to an improved 
electroptical system and method for precisely sensing 
and controlling the diameters of pulled single crystal 
semiconductor rods. 

BACKGROUND OF THE INVENTION 

Pulling single crystals of various types of materials, 
e.g. semiconductive materials, to close diameter toler 
ances is an important phase of the mass production of 
a variety of electronic devices. If a uniform crystal di 
ameter can be maintained throughout a crystal pulling 
operation, manufacturing time and material waste will 
be greatly reduced, and tooling and labor cost savings 
will also be realized in the crystal growing as well as 
subsequent device manufacturing processes. In the ab 
sence of some form of crystal diameter control, single 
crystals pulled by the Czochralski method, for example, 
will have’ widely varying diameters which must be 
shaved down to a uniform size in preparation for subse 
quent wafer processing steps. 

DESCRIPTION OF THE PRIOR ART 

Presently, the diameter of semiconductor crystals 
pulled by the Czochralski method are frequently con 
trolled by skilled operators who continuously make 
small adjustments to the semiconductor melt tempera 
ture. These adjustments have the effect of controlling 
the crystallization rate of the semiconductor melt at its 
solid-liquid interface and thus provide a strategic con 
trol of the pulled crystal diameter. However, these 
manually controlled open loop systems cannot provide 
the high degree of crystal diameter control that auto 
matic closed-loop process control systems are poten 
tially capable of providing. 
Other prior art, closed-loop electroptical systems, in 

cluding pyrometer systems, have been used wherein the 
light emitted (including re?ections) from the liquid 
meniscus portion of the semiconductor crystal being 
pulled is used to generate an electrical control signal 
which varies as a function of crystal diameter. Such 
electrical signal is in turn used to alter system parame 
ters, such as crystal pull rate or the semiconductor melt 
temperature, or both, to thereby maintain the semicon 
ductor crystal size within certain tolerances. However, 
these prior art closed-loop control systems have been 
subject to control errors which are introduced into the 
system as a result ofinherent and environmental system 
changes. These changes include: (1) effective shifts in 
diameter set-point and control-loop gain resulting from 
variations in light transmission efficiency along the op 
tical path of the system e.g. by window fogging, (2) a 
varying pattern of brightness gradient near the crystal 
due to changing re?ection patterns from the susceptor 
walls during‘ a crystal pulling operation (run), and (3) 
a rather limited range of crystal radius variation within 
which the light sensor response is linear. As a result, 
changes due to crystal eccentricities, ?ats and other de 
partures of the crystal from a perfectly cylindrical 
shape are not necessarily correctly averaged to a true 
diameter signal. 
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2 
Also, the mechanical structure of most crystal pullers 

is such that any optical viewing path must be tilted. 
slightly away from the axis of the crystal, and therefore 
any variation in the distance from sensor optics to melt 
surface creates a systematic error in the effective diam 
eter setting. In prior-art systems this distance is deter 
mined and controlled only by indirect open-loop 
means, and is subject to several sources of error within 
a run and between runs. 

The dependence of these prior art closed-loop elec 
troptical control systems on such environmental 
changes limit the crystal diameter control capability of 
the system. Various means for eliminating or minimiz~ 
ing these sources of errors and uncertainties are pro 
vided in accordance with the teachings of the present 
invention. 

SUMMARY OF THE INVENTION 

The general purpose of this invention is to provide a 
new and improved closed-loop electroptical system and 
method for precisely controlling the diameter of pulled 
crystals and the present system has been designed to 
overcome the aforedescribed disadvantages. To attain 
this improved crystal diameter control, a novel closed 
loop electroptical process control system has been con 
structed, and the present electroptical system operates 
substantially independent of inherent environmental 
changes in a semiconductor crystal puller with which it 
operates. The present system simultaneously converts 
variations in semiconductor crystal melt level and semi 
conductor meniscus lateral position into separate elec 
trical control signals which are continuously processed 
in separate closed feedback loops to provide good 
closed-loop control of the crystal diameter throughout 
a crystal pulling operation. The electroptical system ac 
cording to the present invention also features a novel 
photodetection means and novel optical system geome 
try for simultaneously generating melt level and menis 
cus position controls signals independently of each 
other. And the voltage amplitude-vs-reflected image 
displacement response characteristics of the signal gen 
erating photosensitive elements of this photodetection 
means make this detection means uniquely suited for 
optimum response to melt level and crystal diameter 
changes which occur during a normal crystal pulling 
operation. 
Accordingly, an object of the present invention is to 

provide a new and improved electroptical system for 
precisely controlling the diameter of a pulled crystal. 
Another object is to provide an electroptical system 

of the type described which is relatively insensitive to 
variations in light levels within a crystal puller assembly 
with which it operates. 
Another object of this invention is to provide a new 

and improved crystal diameter control system and 
method of the type described herein which is operable 
to greatly reduce semiconductor material waste, opera 
tor time, and the tooling and labor costs presently in 
volved in large scale semiconductor crystal pulling op 
erations. 
A feature of the present invention is the provision of 

a closed-loop electroptical feedback system which in 
cludes frequency, phase, and/or optical discrimination 
of the re?ected optical signals therein. 
Another feature of this invention is the provision of 

differential detection within the system to optimize the 
closed-loop feedback control of the diameter of crys 
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tals being pulled; this detection insures good common 
mode rejection for the system. 
Another feature of this invention is the provision of 

normalizing feedback control for compensating for en 
vironmentally induced brightness variations within the 
system. 
Another feature of this invention is the provision of 

novel photodetection means and optical geometry 
therefor for insuring optimum sensitivity to the re 
?ected diameter control image of the system. 
The above as well as other objects and features of this 

invention will become more fully apparent in the fol 
lowing description of the accompanying drawings 
wherein: 

DRAWINGS 

FIG. 1A is a front elevation view, shown partially in 
cross-section, of the optics portion of the control sys 
tem according to the invention. FIG. 1A illustrates the 
shift of the image re?ected by the melt meniscus and 
received by the photodetector with a drop in melt level 
within the crucible. 
FIG. 1B is a plan view of the novel optical geometry 

of the invention and illustrates the layback angle, -y, to 
be further described; 

FIG. 2A is a perspective view of the novel photode 
tector of the present invention; 
FIG. 2B is a plan view of the photodetector shown in 

FIG. 2A and illustrates the exact shape of the photosen 
sitive surfaces thereof and the re?ected image received 
thereby; 
FIG. 2C is an end elevational view of the photodetec 

tor in FIGS. 2A and 2B and further includes an associ 
ated focusing lens for providing a desired beam refrac 
tion for the image projected onto the photodetector; 
FIG. 3 is a partially cut-away elevational view of a 

crystal puller with which the present invention oper 
ates, and FIG. 3 also illustrates the optics portion (and 
mechanical support therefor) of the closed-loop system 
embodying the invention; and 
FIG. 4 is a functional block diagram of the multiple 

closed-loop electroptical process control system em 
bodying the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring to FIGS. 1A and 13, there is shown a semi 
conductor crystal 10 which is pulled from a melt 12 
within a quartz crucible 14, and the crucible 14 is 
heated, such as by RF or resistance heating, in a well 
known manner in a graphite susceptor 16. The crystal 
puller apparatus within which the susceptor 16 is lo 
cated is of the conventional Czochralski type of crystal 
puller and is therefore not described or shown in fur 
ther detail in FIG. 1. The optics chamber 17 of the sys 
tem includes a tungsten light bulb 80 which is the single 
light source for the electroptical system. The bulb 80 
is positioned adjacent a condenser lens 82 which co 
verges and focuses the light as shown toward and 
through an optical slit 84. The light passing through the 
optical slit 84 is chopped by a conventional mechanical 
light chopper comprising a motor 86 driving a rotating 
shutter 88 at a desired light chopping frequency. The 
chopping frequency is typically in the order of 270 
Hertz and this chopped light permits the light depen 
dent electrical signals processed in the system to be fre 
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4 
quency and/or phase discriminated as will be described 
herein. ' 

The chopped light beam 90 passes to a projection 
lens 92 from which it is projected through an optical 
?lter 31b and onto the liquid meniscus 19 of the semi 
conductor crystal 10 at a chosen angle of incidence a 
with respect to the longitudinal axis of the crystal 10. 
A portion of this incident light is re?ected from the liq 
uid meniscus and to a photodetector 21 to be described 
at an angle of re?ection B, where ,8 = a. The total angle 
a + B is referred to as the binocular angle of the system. 
A portion of the re?ected light beam passes through 

an optical filter 31 and through a receiving lens 100 
which focuses the beam onto the photosensitive sur 
faces of the photodetector 21 to be further described 
below with reference to FIG. 2. As the surface of the 
melt l2 recedes in the crucible 14 from a level 97 to a 
lower level 98, the location of the light pattern focused 
on the liquid meniscus 1Q shifts from position 96 to a 
lower position 99 and thereby changes the re?ected op 
tical path from the solid line 101 to the dotted line 103 
as shown. This change causes a shifting of the re?ected 
image pattern on the photosensitive surfaces of photo 
detector 21 from a previously held position 102 to a 
new position 104 which is slightly counter-clockwise 
with respect to position 102. This slight shifting in posi 
tionin the X direction as shown in FIG. 2B generates 
an unbalance in the A and B signal voltages at the out 
put of the photodetector 21, and these voltages are pro 
cessed in a ?rst or melt tracking feedback loop to be 
described. 

If a change in the diameter of the crystal 10 causes 
the liquid meniscus 19 upon which the light beam 18 
is focused to move laterally outward or inward during 
the crystal pulling operation, such a movement will 
cause the image pattern 116 received on the photosen 
sitive surfaces of the photodetector 21 to be shifted in 
a second coordinate (Y) direction in FIG. 2B. As 
viewed in FIG. 1A such image movement will be into 
or out of the sheet of drawing, depending upon whether 
the diameter of the crystal 10 is increased or decreased. 
This shifting of the image pattern 116 on the surfaces 
of the photodetector 21 generates an unbalance in the 
C and D signal voltages at the output of photodetector 
21 which are electrically‘ processed in feedback loops 
to be described. 
The plan view of FIG. 1B (and the side elevational 

view of FIG. 3A) illustrate the layback angle 7 which 
is the angle between a vertical line parallel to the longi 
tudinal axis of the crystal 10 and a plane containing the 
centerlines of the projected and re?ected light beams. 
FIG. 1B also illustrates the illuminated area 85 on the 
meniscus 19. In a preferred embodiment of this inven 
tion, this area is approximately 0.52 inch long by 0.04 
inch wide, being a sharply focused, uniformly illumi 
nated image of the optical slit 84. The longer dimension 
of this illuminated area is aligned radially outward from 
the crystal axis and essentially spans the entire curved 
portion of the liquid meniscus 19. However since this 
meniscus has a continuous concave curvature upward 
from the horizontal melt surface to essentially vertical 
at the crystal'edge interface (as shown on FIG. 3) most 
of the light is re?ected at angles which do not enter the 
receiving lens 100. Re?ected light enters the receiving 
lens 100 and thereby impinges on the photosensitive 
surfaces of the photodetector 21 only from a relatively 
short segment of the illuminated strip 85 where the up 
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ward tilt of the meniscus 19 from the horizontal (angle 
y’ on FIG. 3A) approximately equals the layback angle 
'y on FIG. 3. The meniscus curvature remains essen 
tially constant throughout the crystal pulling operation 
so that the meniscus spot having upward tilt equal to 7' 
occurs always at an essentially constant distance out 
from the edge of the crystal rod 10. This spot is effec 
tively “locked onto” the periphery of the crystal at a 
?xed distance therefrom and moves with it, following 
any changes in overall crystal size and variations due to 
rotational eccentricity and/or any non-circular shape 
effects. 
The entire illuminated area 85 on the melt (FIG. 1B) 

is imaged (FIG. 28) onto the photosensitive surfaces of 
photodetector 21 so that its long axis approximately 
covers and matches the entire photosensitive length in 
the y- axis direction. The layback angle -y remains ?xed 
throughout a run, and the entire optics chamber 17 re 
mains at a constant horizontal distance from the crystal 
rotation axis throughout a given run. The optics cham 
ber 17 only moves vertically during a run to track the 
level 97 of the melt 12, and the reflected spot 116 

20 

(FIG. 2B) “seen” by the photodetector 21 at any given 7 
moment is at a position along the y axis of the photodi 
ode array which is directly proportional to the crystal 
radius at that particular moment. Variations in crystal 
radius cause the detected spot to move correspondingly 
along the y axis of the detector, tracking all variations 
in crystal radius, shape, and rotational eccentricity. 
The photodetector 21 is illustrated in some detail in 

FIGS. 2A, 2B and 2C and includes a ?rst sensing means 
comprising ?rst and second rectangular photosensitive 
areas or surface portions 108 and 110 which generate 
the A and B signal voltages, respectively. The photode 
tector 21 also includes a second sensing means com 
prising third and fourth, “tapered wedge” photosensi 
tive areas 112 and 114, respectively, which generate 
the C and D signal voltages. 

' Referring in more detail to FIG. 2B, it will be appar 
ent that a shift of the reflected image 116 on the first 
or X coordinate axis and across the ?rst and second 
rectangular photosensitive surfaces 108 and 110 will 
cause more or less light to be received on each of the 
latter surfaces and these surfaces will generate the A 
and B signal voltages in proportion to the levels of light 
impinging thereon. The rectangular geometry of the 
surfaces 108 and 110 provide a rather steep A-B differ 
ence voltage amplitude versus X-direction displace 
ment response characteristic, so that a small shift of the 
re?ected light pattern 106 in the X direction generates 
a relatively large A-B error difference voltage. This dif— 
ference voltage is advantageously utilized to provide a 
tight closed-loop control for tracking the receding level 
of the semiconductor melt 12. Since any variation in 
the distance from the melt surface 97 to the optics 
chamber 17 results in a systematic error in the apparent 
crystal diameter, it is advantageous to utilize this tight 
closed-loop process control to insure that the vertical 
position of the optics chamber 17 closely tracks the 
vertical level of the melt surface 97. 

It is desirable that the received light pattern 116 
overlap only a relatively small portion of each of the 
rectangular photosensitive areas 108 and 110. This in 
sures that a slight X direction displacement of the pat 
tern 116 will simultaneously increase substantially the 
percentage of light impinging on one of these rectangu 
lar areas while decreasing the total percentage of light 
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6 
impinging on the other rectangular photo-sensitive 
area. 

At the same time that the melt level 97 is receding in 
the crucible 14, the semiconductor crystal rod 10 is ro 
tating continuously, typically at about 15 rpm. As a re 
sult of variations of the rod 10 from a perfectly cylindri 
cal shape, and eccentricities of rotation which often oc 
cur, the rotational motion of the rod 10 produces sys 
tematic fluctuations in the exact meniscus location 
from which the light image 96 is received. The latter 
?uctuations produce a corresponding shifting in the Y 
axis position of the detected image pattern 116. There 
fore, in order to provide a smooth linear response for 
the quantitative averaging of these ?uctuations, and 
thereby obtain a signal truly representative of average 
crystal diameter, it is desirable that the third and fourth 
photosensitive surfaces 112 and 114 provide a gradual 
linear C-D difference voltage amplitude versus Y direc 
tion displacement response characteristic. In the pre 
ferred embodiment, the tapered wedge geometry of the 
photosensitive surfaces 112 and 114 provides the de 
sired linear response pattern over a range of i. l 25 inch 
of crystal radius ?uctuation, corresponding to i.25 
inch of crystal diameter. As shown, the areas 112 and 
114 are separated along the y-axis with their adjacent 
edges forming a serpentine path along the x~axis such 
that areas 112 and 114 have interdigitated portions. 
The C-D difference voltage variation produced by crys 
tal eccentricities and flats are averaged to a minimal 
net error using appropriate low pass ?lters (not shown) 
in the demodulator section 28 of the electroptical sys 
tem. It should be observed here that a shift of the illu 
minated pattern 116 in the X direction does not affect 
the total light from the illuminating source 80 which 
impinges the C and D photosensitive surface areas 112 
and 114. Conversely, a shift of the pattern 116 in the 
Y axis direction does not affect the total light from the 
illuminating source 80 which impinges the A and B 
photosensitive surface areas 108 and 110. 

In order to minimize the response of the melt level 
sensing function to the extraneous effects of rotational 
eccentricity, mechanical misalignments and the like, it 
is desirable to illuminate only a narrow, sharply de?ned 
radial band 85 (see FIG. 1B) of the crystal meniscus 19 
by projecting thereon a focused image of a narrow illu 
minated slit 84. In a preferred embodiment of the in 
vention, this illuminated band width of the image pat 
tern 96 in FIG. 2 is on the order of 0.04 inch wide and 
0.52 inch long to accommodate these eccentricities 
and misalignments. Thus, the rectangular shape of the 
slit 84 determines the rectangular shape of the dotted 
pattern 109 which represents the area on the photode 
tector surfaces which would be illuminated if the image 
96 was received from a perfectly ?at mirror surface 
properly oriented and tilted at angle y’ on FIG. 3. 
Referring to FIG. 2C, it is frequently desirable to use 

a concave cylindrical lens 122 immediately in front of 
the photodetector 21 in order to refract the light image 
116 to a desired width. The lens 122 with its long cylin 
drical axis oriented along the Y axis direction insures 
that an image 116 of a desired size is received on the 
photosensitive surfaces of the photodetector 21 to 
thereby generate the A, B, C and D signal voltages pre 
viously mentioned. 

Referring now to FIG. 3, there is shown a semicon 
ductor crystal puller housing having sidewalls 1241, a 
bottom wall 125, and a top wall 126 in which cylindri 
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cal viewing ports 127 are rigidly mounted. The ports 
127 include windows 128 through which the projected 
and re?ected light beams pass to and from the semicon 
ductor crystal melt 12. The heat-re?ecting optical ?l 
ters 31a and 12 (see FIG. 1) are also mounted in the 
viewing port 127 and preferentially block most of the 
longer-wavelength infrared radiation from the hot melt, 
crucible, and susceptor 12, thereby shielding the optics 
chamber 17 from excessive heat and also discriminat 
ing preferentially in favor of the shorter wavelength 
tungsten-?lament bulb illumination spectrum. The sys 
tem’s projection and detection optics described above 
with particular references to FIGS. 1 and 2 are 
mounted in the optics chamber 17, and the vertical lo 
cation of this chamber 17 as well as the layback angle 
7 of the plane of the center lines of the two optical 
paths 18’ relative to a vertical line parallel to the verti 
cal axis of the crystal 10 can be mechanically adjusted 
as will be described herein. 
The optics chamber 17, micrometer 158, and rackv 

156 are all mounted on the front movable half 144 of 
the linear roller bearing assembly 144 and 142 so that 
an adjustment of the micrometer 158 rotates the entire 
optics chamber around two spring-loaded ball joints 
and thereby establishes the diameter setting (optical 
null). This produces slight unwanted changes in the lay 
back angle y for different sizes of crystals, but is not 
easily avoided and merely becomes part of the calibra 
tion of micrometer setting vs. crystal diameter. The 
rear stationaryyhalf 142 of the linear bearing assembly 
is mounted on the bracket 132 using bolts 140 and 171. 
These bolts may be adjusted to align the movement of 
the bearing precisely parallel to the rotational axis of 
the crystal l0; i.e., precisely vertical. 
A D.C. servomotor drive unit 138 is ?xed to the sta 

tionary half 142 of the linear bearing assembly, and the 
drive pinion 154 of the servomotor unit 138 engages 
the rack 156 which is affixed to the movable half 144 
of bearing assembly 142 and 144. This servomotor unit 
138 operates to move the optics chamber 17 vertically, 
up and down, following any changes in the level of the 
melt l2. " 

The servomotor unit 138 is rigidly secured to the sta 
tionary half 142 of the linear bearing table 142 and 
144. The servomotor 138 provides the rotational drive 
for a small drive-worm gear 150 which intermeshes 
with a larger worm gear wheel 152. The gear wheel 152 
is mounted on a common axis (not shown) with the 
drive pinion 154, and the drive pinion 154 intermeshes 
with the rack gear 156. Therefore, the rotation of the 
driveworm 150 drives the pinion 154 which is inter 
meshed with the rack gear 156 to drive the entire optics 
chamber 17 vertically downward at a rate equal to the 
rate of recession of the melt 12 within the crucible 14. 
A manually rotatable wheel 146 is mounted on the 

same shaft with the gear wheels 152 and 154 and may 
be used to manually raise and lower the optics chamber 
17. The larger wheel 146 may be rotated to directly 
drive the rack 156 vertically upward or downward, and 
during this manual operation, a clutch (not shown) al 
lows the gear wheel 152 to slide and be overriden as it 
is held stationary by its engagement with driveworm 
150. 
Referring now to FIG. 4, there is shown the complete 

electroptical feedback control system embodying the 
present invention. The crystal puller portion 9 and op 
tics chamber 17 have been previously described above, 
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8 
and the optics chamber 17 houses the light source 80, 
the light chopper 86, 88, the slit 84, the lenses 82 and 
90 associated with the latter optical elements, the re 
ceiving lens 100 and the photodetector 21 at‘which the 
low level A, B, C and D signal voltages are generated. 
The desired signals are generated at the photodetec 

tor 21 as low-level square-wave voltage pulses corre 
sponding in frequency and phase to the chopping of the 
illuminating beam. The photodetector 21 receives 
much larger amounts of light emitted from the hot melt 
itself and re?ected from the incandescent crucible, sus 
ceptor, and other parts of the crystal pulling chamber, 
and the amount of light reaching the photodetector 21 
from these other sources may undergo long-term drifts 
due to changing conditions through the run, as well as 
short-term ?uctuations at various frequencies due to 
vibrations and rippling of the melt. Furthermore, the 
electronic circuit components may tend to pick up vari 
ous voltage signals at still other frequencies from stray 
R.F. or electromagnetic interferences. Therefore, in 
accordance with the present invention it is very desir~ 
able that the early stages of signal processing discrimi 
nate heavily in favor of the desired re?ected-light signal 
and against all other signals. In a preferred embodiment 
of the invention, this discrimination is done partly by 
optical ?lters 31a and b as previously described, and 
further by using AC coupling tuned precisely to the 
chopping frequency. Further discrimination is also ob 
tained via phase-sensitive ampli?cation which is locked 
in phase with the desired chopped light beam. 
The “raw” signals from the four photodetector ele 

ments 108, 110, 112 and 114 are processed and de 
modulated at the system electronics 28 to provide D.C. 
voltage signals A, B, C and D with respective magni 
tudes representative of only the amplitudes of the de 
sired chopped-beam light signals, isolated from all 
other effects which influence the individual photodiode 
elements 108, 110, 112 and 114 respectively. It is not 
critical that all of the above modes of discrimination be 
used, but they combine to provide optimum sensitivity, 
accuracy, reliability, and stability of the diameter sens 
ing function. 
The A, B, C and D output voltages of the discrimina 

tor network 28 are fed directly into the differential am 
pli?er network 29 which may include, for example, a 
plurality of integrated circuit differential operational 
amplifiers having differential outputs A-B and C-D as 
shown. The latter differential outputs are connected 
respectively to the control loops 30 and 32 as indi 
cated. The C and D discriminated signals at the outputs 
of network 28 are also fed to a summing ampli?er 33 
for providing a C+D normalizing signal in the control 
loop 34. 
The A-B error difference signal on line 30 is pro 

cessed in a first or melt tracking feedback control or 
servo loop which comprises a melt tracking comparator 
36 and a D.C. servomotor 40 connected as shown be 
tween one output of differential ampli?ers 29 and the 
mechanical support means (see FIG. 3) for the optics 
chamber 17. The A-B error signal on line 30 is com 
pared in the comparator 36 with a set point reference 
voltage and as a result of such a comparison an output 
signal on line 38 is generated and is sued to drive and 
control the speed and direction of the D.C. servomotor 
40. The servomotor 40 operates to continuously move 
the optics chamber 17 including the photodetector 21 
vertically downward toward the melt surface at a rate 
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substantially equal to the rate of recession of the melt 
12 in the quartz crucible 14. In this manner, there is no 
net change in the length of the optical paths l8 and 18’ 
in the electroptical system disclosed, and the recession 
of the melt 12 during a crystal pulling operation does 
not therefore introduce errors into the other crystal di 
ameter control signals to be described. 
A second feedback control or servo loop means for 

processing the C-D crystal diameter differential control 
signal on line 32 includes a first pull rate control or 
servo loop portion 44 and a melt temperature control 
loop portion 45 interconnected as shown between the 
other outputs of ampli?ers 29 and the crystal puller ap 
paratus 9. The C-D error difference signal on line 44 is 
applied to the input of a pull-rate comparator 46 where 
it is compared to a set point reference voltage to 
thereby generate a comparator output signal on line 48 
which provides control servo of the speed of the crystal 
puller’s vertical pull-rate motor 50. The motor 50 is 
mechanically linked in a conventional manner (not 
shown) to the vertical pull-shaft S4 suspending the 
semiconductor crystal l0, and therefore, such mechan 
ical linkage 52 is not shown or described in detail. 
When the diameter of the pulled crystal 10 is nulled 

at a selected set point diameter, the C-D error differ 
ence signal will be equal to the set-point voltage ap 
plied to the pull-rate comparator 46, and the output 
signal of the comparator 46 will be at a predetermined 
DC level that will not vary the speed of the pull-rate 

~ motor 50 from a ?xed or set point speed. However, if 
the diameter of the semiconductor crystal 10 should 
increase above a desired set-point diameter, then the 
lateral movement of the meniscus 19 of the crystal l0 
radially outward from the longitudinal axis of the crys 
tal will cause the re?ected image pattern 116 of the 
light impinging the photosensitive surfaces of the pho 
todetector 21 to shift in the “Y” direction as indicated 
in FIG. 28. Such image shifting produces an increase 
in the OD error difference signal applied to the input 
of the comparator 46, and this signal voltage increase 
in turn produces a corresponding increase in the com 
parator output signal on line 48 which is applied as an 
input DC control signal to the crystal vertical pull-rate 
motor 50. The latter action produces a slight increase 
in the vertical pull-rate of the crystal 10 and thereby 
tends to null the diameter of the crystal 10 to or toward 
the desired set-point diameter. The control loop por 
tion 44 of the system for controlling the vertical pull 
rate of the crystal 10 provides a relatively fast-acting 
“tactical” control of the crystal diameter. Simulta~ 
neously, the melt temperature feedback loop portion 
45 which has a longer time constant than the pull-rate 
loop portion 44 provides a slower “strategic” closed 
loop control action tending to restore the crystal pull 
rate to its optimal value. I 
As indicated above, the crystal diameter-dependent 

error difference signal, C-D, is fedback via a second 
feedback control or servo loop portion 45 to a semi 
conductor melt temperature comparator 56 wherein it 
is compared to a set point voltage corresponding to a 
desired semiconductor melt temperature. As a result of 
this comparison, a difference or comparator output 
voltage is generated on line 58 and is applied as an 
input DC control voltage to the R-F power supply 60. 
This power supply 60 drives the R-F heating coils 64 
for the graphite susceptor 16 in a wellknown manner. 
The above described C-D loop portions 44 and 45 con 
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stitute the second process control loop means which 
are directly responsible for the crystal diameter con 
trol. On the other hand, the first or melt tracking 
closed-loop means 30 for feeding back the A-B signal 
and the third or normalizing closed‘loop means 34 for 
feeding back the C+D normalizing signal provide an 
indirect control of the diameter of the crystal 10 by in 
suring that the C-D signal, under all operating condi 
tions, truly and reliably represents the average crystal 
diameter and that the overall gain of the diameter sens 
ing system (i.e., change in C-D signal vs. actual dimen 
sional change in crystal diameter) remains constant. 
The third or normalizing feedback control or servo 

loop 34 is connected between the C+D output of sum 
ming ampli?er 28 and the tungsten light bulb 80 with 
the optics chamber 17, and this feedback loop includes 
a normalizing signal comparator 66 and bulb power 
supply 70 connected in the closed-loop 34458-72 as 
shown. The C+D normalizing signal is proportional to 
the level of light impinging the C and D photosensitive 
surfaces of the photodetector 21, and this C+D signal 
is compared to a set-point reference voltage in the nor 
malizing signal comparator 66 to thereby generate yet 
another difference signal voltage on line 63. This signal 
is applied to the input of the bulb power supply 70 and 
continuously varies the light output of the tungsten 
light bulb 80 to cause the total light received at the 
photosensitive surfaces of the photodetector 21 to re 
main constant at a preset level throughout s crystal 
pulling operation. This third or normalizing feedback 
loop 34-68-72 for the electroptical system according 
to the invention insures that any environmentally in 
duced changes in the reflecting surfaces within the 
crystal puller chamber or any changes in the optical 
transmission of any components such as windows or 
lenses in the optical path of the system do not have any 
signi?cant effect on the effective set points or gains of 
the other control loops. 
The embodiments of the invention described above 

may be modi?ed by those skilled in the art without de 
parting from the true scope of this invention. For exam 
ple, in performing the melt tracking function the cruci 
ble 14 can be moved upward rather than the optics 
chamber 17 downward in order to maintain a fixed dis 
tance between the surface of the semiconductor melt 
12 and the synthesis optics. Alternatively, this distance 
can be allowed to change if compensating mechanical 
adjustments are continually made in the binocular an~ 
gles a and B and the focal distances from slit 84 to pro 
jection lens 94 and from the photodetector 21 to the 
receiving lens 100 in order to maintain a proper re?ect 
ing and focusing geometry. 
Another area of modification within the scope of this 

invention is the performance of the normalizing func 
tion. Rather than using the C+D sum signal as a closed 
loop feedback signal to maintain a constant level of 
light impinging the photodector 21, the signals may be 
processed electronically, e.g. via analog divider mod 
ules, to produce normalized values (C—D)/(C+D) and 
(A—B)/(C+D) which may then be used in place of the 
C-D and A~B signals described previously. 

I claim: 
1. A system for controlling the diameter of a pulled 

crystal, comprising detection means for receiving a 
light image re?ected from a preselected area on the 
meniscus of a melt adjacent a crystal which is being 
pulled from the melt, said detection means including 
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first sensing means responsive to positional variations 
of said re?ected light image along a first axis for provid 
ing a first control signal which varies as a function of 
the level of said melt and second sensing means respon 
sive to positional variations of said re?ected light image 
along a second axis for simultaneously providing a sec 
ond control signal substantiallyindependent of said 
?rst control signal, said second signal varying as a func 
tion of variations in the diameter of said pulled crystal, 
means responsive to said ?rst control signal for main 
taining a predetermined distance between said first and 
second sensing means and said melt and means respon 
sive to said second control signal for controlling the di 
ameter of said crystal being pulled. I 

2. The system de?ned in claim 1 wherein 
a. said first sensing means includes ?rst and second 

light-sensitive areas separated from each other and 
differentially responsive to the positional variations 
of said image in either direction along said ?rst axis 
for generating said ?rst control signal, and 

b. said second sensing means includes third and 
fourth light-sensitive areas separated from each 
other and selectively located with respect to said 
?rst and second light-sensitive areas so as to be 
substantially nonresponsive to positional variations 
of said image along said first axis, said third and 
fourth light-sensitive areas being differentially re 
sponsive to said positional variations of said re 
flected image along said second axis for generating 
said second control signal, whereby both the dis 
tance between said sensing means and said melt 
and said crystal diameter are simultaneously and 
independently controlled during a crystal pulling 
operation. 

3. The system de?ned in claim 2 wherein: 
a. said ?rst and second light-sensitive areas are sepa 

' rated from one another along said ?rst axis by a 
predetermined distance, and 

b. said third and fourth light-sensitive areas are lo 
cated between said first and second light-sensitive 
areas and are separated from one another along 
said second axis by a predetermined distance, said 
axes intersecting at substantially a right angle, 
whereby limited movement of a re?ected light 
image on said first axis across said ?rst and second 
light-sensitive areas does not change the total light 
of said image impinging on said third and fourth 
light-sensitive areas, and limited movement of said 
light image on said second axis does not change the 
total light of said image impinging on said first and 
second light-sensitive areas. 

4. The system defined in claim 3 which further in 
‘ cludes means for focusing a single light beam on said 
preselected area of said meniscus, said light beam being 
re?ected from said preselected area to provide said 
image said light beam bearing focused on said meniscus 
at a preselected angle with respect to the longitudinal 
axis of said crystal whereby the re?ected light image 
received by said detection means will cause differential 
response by said ?rst and second light-sensitive areas 
and said third and fourth light-sensitive areas, respec 
tively. 

5. The system defined in claim 2 wherein said ?rst, 
second, third and fourth light sensitive ,areas are each 
adapted to provide an electrical output and wherein 
said means responsive to said ?rst control signal com 
prises a first control loop interconnected with said first 
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and second light-sensitive areas ‘and including a servo 
motor operable for maintain the predetermined dis 
tance between the sensing means and the surface of 
said melt. 

6. The system de?ned in claim 5 wherein said means 
responsive to said second control signal comprises a 
second control loop interconnected with said third and 
fourth light—sensitive areas and operative for control 
ling the pull rate of the crystal being pulled so as to 
maintain a selected crystal diameter. 

7. The system de?ned in claim 6 which further in 
cludes a light source whose light output is controllable, 
said light source providing a light beam which is re 
?ected from said preselected area on the meniscus, and 
a third control loop interconnected with a plurality of 
said light-sensitive areas and responsive to said changes 
in the total light impinging on said plurality of light 
sensitive areas for controlling the light output from said 
light source thereby to maintain a substantially cons 
tant total light impinging on said plurality of light 
sensitive areas. . 

8. The system de?ned in claim 7 wherein said third 
control loop is a normalizing control loop including 
comprises a comparator for receiving a signal which is 
the sum' of the electrical outputs of said third and 
fourth light-sensitive areas and for comparing the last 
said signal with a reference voltage for controlling the 
power applied to said light source as a function of vari— 
ations in the total light from said light source impinging 
on said third and fourth light-sensitive areas. 

9. A method for controlling the diameter of a crystal 
pulled from a liquid melt which includes the steps of: 

a. focusing a beam of light on the meniscus formed 
by a crystal being pulled from said melt, 

b. receiving a light image re?ected from said menis 
cusand which moves along ?rst and second axes in 
response to changes in melt level and lateral menis 
cus position, respectively, 

0. generating a ?rst control signal in response to posi 
tional variations of said re?ected image along said 
?rst axis for tracking the level variations of said 
melt, and 

d. generating a second control signal in response to 
positional variations of said re?ected image along 
said second axis for controlling the diameter of said 
crystal, whereby said tracking of said melt prevents 
errors from being introduced into said second con 
trol signal by melt level variations during a crystal 
pulling operation. 

10. The method de?ned in claim 9 which further in 
cludes generating a third control signal as a function of 
a chosen threshold level of light received at a given lo» 
cation relative to said crystal meniscus for varying the 
light intensity of said beam and thereby maintaining the 
light intensity at said given location constant. 

11. A process for generating an optical signal which 
is closely proportional to changes in the diameter. of a 
crystal rod which is pulled from a melt, said process in 
cluding, in combination: 

a. projecting a sharply focused, uniformly illuminated 
image pattern onto substantially the entire curved 
portion of the liquid meniscus extending between 
the melt and the crystal rod at liquid-solid interface 
therebetween, and 

b. sensing the movement of a relatively small spot 
within said sharply focused pattern and lying in a 
plane which intersects the horizontal surface of 
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said melt at a predetermined angle, whereby said 
spot continuously appears at a substantially cons 
tant distance from the periphery of the said crystal 
rod and tracks said periphery and variations in 
crystal rod size as a result of rotational eccentrici 
ties and non-circular shapes in said rod. 

12. The process defined in claim 11 wherein: 
a. the projecting of the image pattern includes pro 
jecting the image pattern such that it has a longer 
dimension aligned radially outward from the crys 
tal axis and spanning substantially the entire curved 
portion of said meniscus, and 

b. said sensing of the movement of the said spot is ef 
fected by photosensing by positioning multiple 
photosensitive surfaces in the path of the antici 
pated movement of light re?ected from said spot 
thereby to generate differential signals as a result 
of the shifting of said spot within said pattern. 

13. The system de?ned in claim 5 wherein said first 
control loop comprises a differential ampli?er provid 
ing an output which is the differential of the electrical 
outputs of said ?rst and second light~sensitive areas, 
and a comparator for comparing the output signal from 
said differential ampli?er with a reference voltage, said 
servomotor being controlled by an output from said 
comparator. 

14. The system de?ned in claim 6 wherein said sec‘ 
ond control loop comprises a differential ampli?er pro 
viding an output which is the differential of the electri 
cal outputs of said third and fourth light-sensitive areas, 
and a comparator for comparing the output signal from 
said differential ampli?er with a reference voltage, the 
output from said comparator controlling the speed of 
a motor for pulling said crystal. 

15. The system de?ned in claim 14 further compris 
ing a temperature control loop including a further com 
parator also for comparing the output from said differ 
ential ampli?er with a further reference voltage, the 
output from said further comparator controlling means 
for heating said melt thereby to control the melt tem 
perature. 

16. The system de?ned in claim 3 wherein said ?rst 
and second light-sensitive areas are each generally rect 
angular in shape and of substantially the same area, and 
said third and fourth light-sensitive areas together de 
fine a total area of generally rectangular shape located 
between the ?rst and second light-sensitive areas, said 
third and fourth light-sensitive areas being adjacent and 

' separate along said second axis with the adjacent edges 
thereof de?ning a serpenture path extending generally 
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along said ?rst axis whereby respective portions of said 
third and fourth areas are interdigitated and overlie 
said ?rst axis. 

17. The system de?ned in claim 16 wherein said sens 
ing means is adapted to receive said image with the 
center of the image generally located at the intersec 
tion of said axes with portions of the image overlying 
respective portions of said ?rst, second, third and 
fourth light-sensitive areas. 

18. A system for controlling the diameter of a pulled 
crystal comprising: 

a. means for directing a beam of light on a prese 
lected area of the meniscus of a melt formed by a 
crystal being pulled from the melt; 

b. ?rst light sensing means for receiving the image 
caused by re?ection of the light beam from the me 
niscus, said ?rst sensing means being responsive to 
positional variations of the image along a ?rst axis 
caused by change in the melt level; 

0. second light sensing means for receiving said image 
and responsive to positional variations of the image 
along a second axis caused by variations in the di 
ameter the crystal being pulled, the positional vari 
ations being substantially independent of positional 
variations along the ?rst axis; 

d. a ?rst servo loop interconnected with said first 
sensing means and including a sevomotor operable 
for maintaining a predetermined distance between 
said ?rst and second sensing means and said prese 
lected area of the meniscus; and 

e. a second servo loop interconnected with said sec 
ond light sensing means and operative to provide 
servo control of the speed of a motor for pulling the 
crystal whereby the diameter of the crystal is pre 
cisely controlled regardless of changes in the melt 
level. 

19. The system de?ned in claim 18 further compris 
ing a light source of controllable light output for pro 
viding said light beam, and a third servo loop intercon 
nected with at least one of said sensing means and oper~ 
ative to provide servo control of said light output as a 
function of the amount of light received by the sensing 
means, whereby compensation is provided for varia 
tions in the amount of light received by the sensing 
means occurring during crystal pulling, and 

20. The system de?ned in claim 18 further compris 
ing a chopper for chopping the light beam and demodu 
lator means interconnected with each of the light sens 
ing means for deriving d.c. signals therefrom. 

* * * * * 


