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[51] ABSTRACT 
A feedback control system for enhancing the feedback 
loop characteristics of a vertical axis control in a scan 
ning tunneling microscope or the like, including a tip 
member for positioning relative to a surface for measur 
ing the topography of the surface. A horizontal control 
coupled to the tip for providing a plurality of adjacent 
horizontal scans across the surface. A vertical control 
coupled to the tip for providing a vertical control of the 
tip during the plurality of adjacent horizontal scans. A 
local error signal produced in accordance with the 
vertical position of the tip relative to the surface in real 
time during the plurality of adjacent horizontal scans. A 
storage member responsive to the local error signal for 
storing the local error signal for producing a delayed 
error signal representing the vertical position of the tip 
relative to the surface at an earlier time, and a vertical 
tip control signal coupled to the vertical control and 
formed by combining the local error signal and the 
delayed error signal for enhancing the control of the 
vertical position of the tip. 

52 Claims, 5 Drawing Sheets 
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FEEDBACK CONTROL FOR SCANNING TUNNEL 
MICROSCOPES 

Matter enclosed in heavy brackets I ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions made 
by reissue. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates to a feedback control 

for scanning tunneling microscopes or the like. Specifi 
cally, the feedback control of the present invention uses 
stored topographical information to increase the re 
sponse of the feedback loop. 

2. Description of the Prior Art 
In a typical scanning tunneling microscope, a con 

ducting tip is positioned an atomic distance such as 2 to 
3 atoms above the surface of a sample. The sample is 
typically a conductor or a semiconductor. This distance 
of 2 to 3 atoms is approximately ten angstroms (10 A). 
A current which is referred to as the tunneling current 
may then be made to flow between the sample and the 
tip. This tunneling current is due to a bias voltage ap 
plied between the sample and the tip. 
The tip is typically scanned over the surface of the 

sample using a raster scan formed by a plurality of adja 
cent horizontal scan lines and with a feedback loop 
positioning the vertical position of the tip. Speci?cally, 
the vertical position of the tip is controlled so that the 
tunneling current is held to a constant value. The verti 
cal position of the tip is normally controlled by a piezo 
electric element. In particular, the tip is mounted on the 
piezoelectric element and by applying positive and neg 
ative voltages to the piezoelectric element, the element 
expands or contracts to thereby lower or raise the tip 
relative to the sample. The maintaining of a constant 
tunneling current through the use of the feedback loop 
thereby gives a constant height of the tip above the 
surface. 
The maintaining of the constant tunneling current is 

accomplished through the positive or negative voltage 
applied to the piezo element which voltage may be 
referred to as a positioning voltage. Therefore, by moni 
toring the positioning voltage which is applied to the 
vertical positioning piezo element, the vertical position 
of the tip can be recorded since it is related to the posi 
tioning voltage. In this way, the vertical position of the 
tip is recorded as the tip is scanned along the surface to 
provide a record of the vertical position of the sample 
surface as a function of the horizontal position of the tip 
relative to the sample. The horizontal coordinates of the 
tip are normally referred to as X and Y, and the vertical 
position is referred to as Z. It is, therefore, possible to 
get a record of the topography of the surface by moni 
toring the X and Y position of the scanning of the tip 
and at the same time monitoring the Z position of the 
height of the tip. 

It is very important for all scanning tunneling micro 
scopes that the feedback loop controlling the 2 position 
of the tip relative to the sample be very precise. This is 
because the current that flows between the sample and 
the tip occurs only when the tip is about ten angstroms 
(ID A) from the surface. As the tip is moved away from 
the surface, the tunneling current falls off exponentially 
and can drop by a factor such as ?ve (5) as the tip is 
moved a very short distance such as five or more ang 
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2 
stroms (5 A) from the surface. Normally, a scanning 
tunneling microscope cannot be operated with the tip 
much further away from the surface than twenty ang 
stroms (20 A) because at the time, the tunneling current 
becomes too small to measure. 

It can be seen, therefore, that the vertical position of 
the tip must be precisely controlled with the tip very 
close to the surface. In one direction, the control must 
be very close, but without hitting the tip on the surface, 
or as indicated above, without the tip getting so far from 
the surface that the tunneling current drops to an im 
measurable level. In order to accomplish this and 
thereby map the topography of a sample with the scan 
ning tunneling microscope, the feedback loop control 
ling the vertical position of the tip must be both precise 
and fast, but without causing oscillation. It is also desir 
able that the scanning of the samples be with scans of 
relatively large dimensions. If these larger scans are to 
be performed in the same time period, then the feedback 
loop must be faster in order to follow the topography. If 
this cannot be accomplished, then the scan rate must be 
slowed down in order to provide for the larger scans, 
but this is undesirable since the scan would, therefore, 
take considerably greater periods of time. In general, 
the faster the scan rate, the better, 
The newer scanning tunneling microscopes allow for 

relatively large scans such as nine microns by nine mi 
crons. It is desirable to provide for such large scans 
within reasonably short periods of time such as under 
one minute. In order to accomplish this, the required 
scan rate would be very difficult to achieve and still 
have the tip follow the surface with the required accu 
racy. 

[In general, most scanning] Scanning tunneling mi 
croscopes that are in the prior art use an analog feed 
back loop for the loop controlling the vertical position 
of tip. In such an analog signal, an error signal is pro 
duced which is the difference between a set point cur 
rent and the actual tunneling current ?owing between 
the sample and the tip. This error signal is used in the 
feedback loop to change the position of the tip to cur 
rent the value of the tunneling current back to the set 
point value as the tip is scanned across the surface. As 
an example, if the tip moved too close to the surface, the 
tunneling current will have a value above the set point 
value and the feedback loop will receive an error signal 
reflective of the difference, amplify the error signal and 
apply it to the vertical drive element with the proper 
polarity to raise the tip from the surface. When the tip 
is raised from the surface, this in turn lowers the value 
of the tunneling current back to the set point value. 
The type of feedback generally used in prior art scari 

ning tunneling microscopes is both integral and propor 
tional. The integral portion of the feedback keeps the 
average error always zero, but tends to slow down the 
response of the feedback loop since integrators smooth 
out rapid variations in the error signal. Additionally, the 
use of an integrator produces a phase shift of 90° which 
is somewhat detrimental in the feedback loop. For ex 
ample, it can be seen that if the phase shift [where] 
were 180°, the tip would be completely out of phase 
with the tunneling current and the feedback would 
drive the tip in the direction opposite to that required to 
correct the error and the loop would oscillate. 
Although a 90° phase shift is not that extreme, it does 

produce a detriment in the feedback loop. In addition, if 
there if is a sinusoidal variation in the error signal due to 
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a sinusoidal surface for the sample, then is it necessary 
to provide a sinusoidal variation of the vertical tip posi 
tion to correct the error signal. Phase shifts in the feed 
back loop and in particular 180° phase shifts can have 
the tip driven in the wrong direction and with the 
whole feedback oscillating. As a further requirement 
for stable operation of the feedback loop, the gain of the 
feedback loop must be kept down to a reasonable level. 

In order to mitigate the above described problems in 
prior art feedback loops, these prior art feedback loops 
include proportional feedback in which the error signal 
itself is used in addition to the integrated error in the 
feedback loop. For example, if there is an error in the 
tunneling current, this error is ampli?ed and also ap 
plied to the positioning of the tip. This proportional 
feedback has the advantage that there is no inherent 
phase shift associated with it and, therefore, the feed 
back loop is less sensitive t the accumulation of phase 
shifts from the other parts of the feedback loop such as 
the ?lters, ampli?ers and tip drive elements. The use of 
proportional feedback also gives a higher frequency 
response than the integral feedback. 
The different forms of feedback described above are 

used in prior art scanning tunneling microscopes to 
form a local error signal in the feedback loop. Speci? 
cally the error signal measured at the present horizontal 
position of the tip is used to control the vertical position 
of the tip at essentially that same horizontal position so 
as to maintain the constant tunneling current. If the 
topography of the sample is very steep, then the local 
error signal becomes large and unless the gain of the 
feedback loop is very high, the vertical position of the 
tip may not be corrected fast enough and the tip would 
thereby run into the surface. This condition obviously 
must be avoided. If the tip runs into the surface of the 
sample, this will completely upset the feedback loop 
and result in an improper image. 

[So far an analog feedback loop has been described, 
but it is to be appreciated that the feedback loop may 
also be formed as a digital feedback loop. In such a 
digital feedback loop, the tunneling current between the 
sample and the tip is digitized and entered into a com 
puter where the digital value of the tunneling current is 
compared with a preset value to calculate what the 
vertical position of the tip would be in order make the 
error signal become zero. One advantage of the use of a 
digital feedback is that digital processing may now be 
available. With such digital processing, any function of 
the error signal can be applied within the feedback loop. 
For example, it is possible with a digital feedback loop 
to use, in addition to the integral and proportional feed 
back, other forms of feedback such as differential feed 
back. In general, however, the use of a digital feedback 
loop has accomplished the same general results as the 
prior art analog feedback loops, except that the integra 
tors and ampli?ers that are found in analog feedback 
loops are replaced by numerical calculations in the 
computer. 

Basically, both analog and digital] PriorArt feedback 
loops for scanning tunneling microscopes [both] have 
the [common] problem of requiring the feedback loop 
to have a high frequency response in order to provide 
for accurate tracking of the sample surface. In addition, 
any phase delays may lead to instabilities in the feed 
back response especially at high frequencies and when 
the gain is high. All of these problems have limited the 
use of scanning tunneling microscopes and specifically, 
have required relatively slow scan rates in order to 
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4 
provide for image enhancement. In particular this is 
true when the size of the scans are made larger and 
where it is desired to accomplish these larger scans in a 
reasonable period of time. It is, therefore, desirable to 
provide for improvements in the feedback control for 
scanning tunneling microscopes to overcome a number 
of the problems described above in the prior art devices. 

SUMMARY OF THE PRESENT INVENTION 

The present invention provides for improvements in 
the feedback control for scanning tunneling micro 
scopes by using digital feedback instead of analog feed 
back, and in one embodiment, by speci?cally using prior 
recorded topographical information to increase the 
response of the feedback loop. This improved feedback 
response leads to a more accurate rendering of the to 
pography of the object under investigation by the scan 
ning tunneling microscope. In the digital feedback loop of 
the present invention, the tunneling current between the 
sample and the tip is digitized and entered into a computer 
where the digital value of the tunneling current is com 
pared with a preset value to calculate what the vertical 
position of the tip should be in order make the error signal 
become zero. One advantage of the use of a digital feed 
back is that digital processing may now be available. With 
such digital processing. any function of the error signal can 
be applied within the feedback loop. For example, it is 
possible with a digital feedback loop to use, in addition to 
the integral and proportional feedback, other forms of 
feedback such as differential feedback. Further, the digital 
feedback loop of the present invention permits using prior 
recorded topographical information to increase the re 
sponse of the feedback loop. It also to be appreciated the 
same advantages provided by the present invention in 
scanning tunneling microscopes may also be provided 
in other devices such as atomic force microscopes. 
The present invention provides for improvements by 

taking advantage of the already existing XY raster scan 
of the scanning tunneling microscope. Speci?cally, in a 
typical case, a scan along the X direction is provided 
and then the Y direction is changed incrementally and 
followed with another scan in the X direction. This 
continues until a typical picture or image is constructed 
from several hundred of these X direction scan lines and 
with each X scan line incremented slightly in the Y 
direction. It can be appreciated, that because of this, 
each scan line is topographically very similar to its 
neighbor and with a plurality of successive scan lines 
being similar to each other and with adjacent scan lines 
being very similar to each other. 

In the present invention, the feedback loop not only 
uses data from the present position of the tip, which is 
the local error signal, but also the feedback loop incor 
porates stored information about the topography near 
the present position to help position the tip in the verti 
cal direction. The use of the information from the adja 
cent scan lines, therefore, allows the feedback circuit to 
anticipate the topography and, therefore, to react much 
quicker than possible when using only local error infor 
mation. At a minimum, the feedback loop of the present 
invention is digital. In a preferred embodiment it uses the 
local error information, plus the information from at 
least the previous scan line, but it to be appreciated that 
information from a number of previous scan lines, or 
from all previous scan lines can be used. The present 
inventions helps the vertical control to anticipate and 
thereby, in a sense, to look ahead to improve not only 
the scan rates, but also to enhance the image capability 
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of the scanning tunneling microscope. The present in 
vention may be implemented in a number of ways and 
as an example, two implementations are described 
showing the invention using data from previous scan 
lines to augment the feedback for the present line. A 
third implementation is described which employs the 
information from the previous frame so as to provide 
enhanced imaging for successive frames. The two im 
plementations which augment the feedback from previ 
ous scan lines are generally referred to as scan hysteresis 
and gain hysteresis. Scan hysteresis uses previous scan 
line information to directly modify the current scan line 
Z values. Gain hystersis uses previous scan line informa 
tion to adjust the gains of the feedback elements operat 
ing on the current scan line. These and other details of 
the invention will be described with reference to the 
following description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the operation of a scanning tunnel 
ing microscope; 
FIG. 2 illustrates the raster scanning of the tip of a 

scanning tunneling microscope; 
FIG. 3 illustrates a prior art feedback control; 
FIG. 4 illustrates the image produced of the surface 

topography by a scanning tunneling microscope; 
FIG. 5 illustrates a digitized feedback control with 

out any previous line or previous frame enhancement; 
FIG. 6 illustrates a number of calculations that may 

be provided by the computer forming part of the feed 
back control in FIG. 5; 
FIG. 7 illustrates a plurality of adjacent scan lines; 
FIG. 8 is a general block diagram showing the use of 

stored topographical information enhancement to the 
feedback control of the present invention; 
FIG. 9 illustrates a scan hysteresis implementation of 

the present invention; 
FIG. 10 illustrates a gain hysteresis implementation of 

the present invention; 
FIG. 11 illustrates the use ofa previous scan frame to 

anticipate the upcoming topography of a current posi 
tion; and 
FIG. 12 illustrates an analog implementation of the 

present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

As shown in FIG. 1, a scanning tunneling microscope 
includes, a conducting tip 10 held approximately ten 
angstroms (I0 A) above the surface of a sample 12. The 
sample is typically a conductor or a semiconductor. A 
tunneling current flows between the sample 12 and the 
tip 10 due to a bias voltage 14 applied between the 
sample 12 and the tip 10. 
As shown in FIG. 2, the tip 10 is scanned over a 

surface 16 of the sample 12 in a raster fashion as shown 
by the raster scan 18. The raster scan 18 is provided by 
a series of horizontal scan lines 20 in an X direction with 
each adjacent horizontal scan line incremented in a Y 
direction with a Y incremental distance as shown by 
distance 22. In the prior art as shown in FIG. 3, a feed 
back control positions the vertical position of the tip 10 
such that the tunneling current is held constant. Typi 
cally, the vertical position of the tip 10 is controlled by 
a piezoelectric element 24, which produces a 2 drive, or 
a raising or lowering of the tip 10 relative to the sample 
12. Speci?cally, by applying positive or negative volt 
ages to the piezoelectric element 24, the element ex 
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6 
pands or contracts to thereby lower or raise the tip 
relative to the sample. 
The tunneling current is applied to a differential am 

pli?er 26 which also receives a set point current pro 
duced from a potentiometer 28 as shown in FIG. 3. The 
output of the differential ampli?er 26 is the error signal. 
It can be seen, therefore, that if the tunneling current is 
equal to the set point current, then the error signal 
would be zero. However, any inaccuracy in the position 
of the tip produces a change in the tunneling current 
which in turn produces a difference between the tunnel 
ing current and the set point current and thereby an 
error signal from the ampli?er 26. The error signal may 
then be applied to a function generator 29 which modi 
?es the properties of the error signal from the ampli?er 

As described above, the error may be modi?ed such 
as by integration or proportionality in order to enhance 
the error correction and provide for this enhancement 
with a stable operation of the feedback loop. In any 
event, the error signal as modified by the function gen 
erator 29 is applied to the Z drive 24 to change the 
position of the tip 10 to correct the tunneling current 
back to the set point as the tip is scanned across the 
surface 16 of the sample 12. Maintaining a constant 
current with the feedback loop produces a constant 
height of the tip 10 above the surface 16. The position 
ing voltage for the 2 drive 24, therefore, provides for a 
record of the vertical position of the surface 16 as a 
function of the X and Y positions provided by the scan~ 
ning. Therefore, the record of the vertical position of 
the tip, as reflected by the positioning voltage applied to 
the 2 drive 24, is a record of the topography of the 
surface. As an example the surface 16 of the sample 12 
is shown in more detail in FIG. 4 and is shown to be 
defined by the plurality of scan lines 20 in the X direc» 
tion and with each scan line separated by a Y increment 
22 and having vertical positions 2. 
As shown in FIG. 5, [it is also possible to provide 

for] the feedback control of the present invention is 
implemented using a digital feedback. Speci?cally, the 
tunneling current between the sample 12 and the tip 10 
is digitized by an A/D converter 30. A digitized tunnel 
ing current is then applied to a computer 32 and with 
the computer 32 including information relative to a 
desired digitized value of the tunneling current. The 
computer 32 then calculates what the vertical position 
of the tip should be in order to make the error signal 
become zero. This calculation is supplied via a D/A 
converter 34 to produce the proper vertical positioning 
signal for the 2 drive 24. 
As indicated above, using digital feedback allows the 

use of digital processing and any function of the error 
signal can be applied within the computer. Speci?cally, 
integral, proportional and differential feedback may be 
accomplished more simply with digital feedback as 
opposed to analog feedback. [However, a digital feed 
back control as shown in FIG. 5 merely replaces the 
integrators and ampli?ers of an analog feedback loop by 
numerical calculations and although the digital feed 
back has advantages, these advantages are primarily in 
the ability to provide enhanced digital processing] 
Speci?cally, as shown in FIG. 6 various numerical 
calculations may be provided in the computer for the 
original digitized signal representing the tunneling cur 
rent and an internal stored digital value representing the 
set point current. [The present invention may be more 
easily implemented using a digital feedback control, but 
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it is to be appreciated that the present invention may be 
accomplished using analog feedback control] 

Speci?cally, the present invention takes advantage of 
the XY raster scan of the scanning tunneling micro 
scope. As shown in FIG. 7, a plurality of typical adja 
cent scan lines is shown and identi?ed as line it, n-1, n-2 
and n-3. It is to be appreciated that a typical image is 
produced from several hundreds of these scan lines 
incrementing slightly in the Y direction for each adja 
cent line. However, as shown in FIG. 7, each adjacent 
scan line is topographically similar to its neighbors and 
very similar to the adjacent scan line. The present in 
vention, therefore, provides for a feedback control 
which uses data not only from the present position of 
the scanning tip, but also uses stored information about 
the topography near the present position to help posi 
tion the tip in the vertical direction. The present inven 
tion, therefore, allows the feedback circuit to anticipate 
the topography and to react much quicker using the 
stored data than if the feedback used only local error 
signal information. FIG. 8 illustrates in general the 
feedback control of the present invention. 
As shown in FIG. 8, a full scanner 36 controls the XY 

and Z positions of the tip 10 scanned over the surface 16 
of the sample 12 to measure the topography. The scan 
ner 36, therefore, provides for the movement of the tip 
10 in both the X and Y direction and also incorporates 
the Z drive 24 shown in FIGS. 3 and 5. FIG. 8 illus 
trates a scanning tunneling microscope, but it is to be 
appreciated that an atomic force microscope may also 
incorporate the advantages of the present invention. 
For each XY position of the tip 10, a local error signal 
(I), formed in a manner described before, is fed into a 
feedback controller 38. [It is to be appreciated that the 
circuit or even a computer performing feedback calcu 
feedback controller can be either an analog or a digital 
lations.] The feedback controller 38 also receives topo 
graphical information previously stored in [an analog 
or] a digital memory 40. 

Simultaneously to the feedback controller 38 receiv 
ing both error and topographical information, the mem 
ory 40 is loaded with topographical information from 
the output of the feedback controller 38 as well as tun 
neling current information represented by the local 
error signal (I) and with information corresponding to 
the present tip XY position in accordance with an XY 
controller 42. The XY coordinates for the tip 10 may be 
used to calculate the memory address for the memory 
40 so that the present topographical information is 
stored for future use by the feedback circuit and speci? 
cally the feedback controller 38. Altemately, the ad 
dress information may be implicit if the memory is a 
?rst in, ?rst out type f memory. As an example, a ?rst in, 
?rst out memory exactly one scan line long will present 
output information delayed by exactly one scan line. 
Such a memory would not require X or Y information 
to provide for address calculations. 
As indicated above, the memory could be limited to 

only the previous scan line and to only the local error 
signal (1) and/or 2 data position of that line. However, 
it is to be appreciated that the memory 40 could contain 
data from all previous scanning. The exact portion of 
the store data which is used in the feedback controller 
and thereby in the feedback loop for any XY position 
may be programmed in the feedback controller if the 
system is digital[, or could be hardwired if the system 
is analog]. As indicated above, in the minimal situation 
the memory 40 stores data from at least the previous 
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8 
scan line. It could be seen, therefore, that the portion 44 
of the system of FIG. 8 provides for the feedback loop 
to enhance the Z position control signal by information 
from at least the previous scan line and if desired from 
one or more of the previous scan lines or even the com 
plete previous scan information. 
FIG. 9 illustrates a speci?c embodiment of the pres 

ent invention which may be referred to as scan hystersis 
and which uses previous scan line information to di 
rectly modify the current scan line Z position values. As 
shown in FIG. 9, the portion 44 of the overall device 
shown in FIG. 8 is illustrated in greater detail. The scan 
hysteresis system of FIG. 8 incorporates a transfer func 
tion generator 46, represented by 111, which is a [con 
ventional] scanning tunneling microscope feedback 
generator composed of ?nite impulse response ?lters, 
in?nite impulse response ?lters, plus non-linear ele 
ments such as linear/log converters, etc. In the simplest 
case H1 is an integrator with adjustable gain. The ad 
justable gain is represented within the box 46 and is 
usually provided either by the operator or by an auto 
matic control system. The individual functions per 
formed by the H1 function generator identi?ed by the 
box 46 [is] are of a conventional type and the details of 
this device are, therefore, well known to users of scan 
ning tunneling microscopes. 
The input to the function generator H1 is the local 

error signal (1) previously described and [with] the 
local error signal also applied to a scanline storage 
memory 48. Although the scanline storage memory 48 
could store a number of previous scan lines, for illustra 
tion the scanline storage memory 48 is shown to store 
only the immediately adjacent scanline. The output 
from the scanline storage memory 48 is applied to a 
second function generator H2 represented by the box 
50. Speci?cally, the function generator H2 provides a 
transfer function which converts previous or delayed 
scanline data into a 2 term which is added directly to 
the Z output. Speci?cally, a summer 52 sums the infor 
mation from the function generators H1 and H2 and 
with the sum of this information provided as the Z 
output to control the Z position of the scanning tip. 
The function generator H2 actually ?lters a combina 

tion of the previous or delayed scanline error signal and 
the Z output from the summer 52. This can be seen since 
the output from the summer 52 is also applied as an 
input to the scanline storage memory 48. It should be 
also noted that the scan line storage memory 48 may 
combine the local error signal and 2 data on other than 
a one to one basis. For example, the combining of the Z 
data and the error signal data may involve non-linear 
operations such as linear to log conversion. In addition, 
the Z and error signal data may be deliberately shifted 
relative to each other prior to being combined [within 
the scanline storage memory 48]. In any event, the 
overall speci?c effect of the scan hysteresis system 
shown in FIG. 9 is speci?cally to raise the present verti 
cal position of the tip where the previous scan line was 
high and to lower the present vertical position of the tip 
where the previous scan line was low. This therefore 
uses the previous scan line information to anticipate the 
desired present vertical position and gives improved 
response to the feedback loop without introducing in 
stability. 
As indicated above, the scan hysteresis system shown 

in FIG. 9 may be implemented using digital techniques 
with a signi?cant improvement in the feedback re 
sponse. For example, function generator H2 may add 
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from the previous scan line a term proportional to the 2 
point directly opposite the Z point being presently com 
puted. In this way, the following function may be pro 
vided. 

Where i and j are the present tip position in X and Y 
respectively and K is the gain perameter. 
FIG. 10 illustrates an embodiment of the invention 

providing for gain hysteresis. Again for FIG. 10, what 
is contained within dotted portion 44 may be substituted 
for the similar portion in FIG. 8. In the system of FIG. 
10, the gain of the feedback loop is a function of the Z 
and error signal data from previous scan lines. As spe 
ci?cally shown in FIG. 10, the function generator H2 
represented by the block 50 uses previous or delayed 
scan line error signal data and 2 data provided by the 
scan line storage memory 48 to modify the gain of the 
function generator H1 represented by the block 46. The 
function generators H1 and H2 have structures similar 
to those described previously. 

In one specific implementation of the gain hysteresis 
embodiment of FIG. 10, the function generator H1 uses 
the magnitude of the slope of the previous scanline Z 
data to modify the gain of the function generator H1. 
Speci?cally, when the magnitude of the slope is large, 
the gain of the function generator H1 is increased. 
Where the magnitude of the slope of the previous scan 
line is small, the gain of function generator H1 is de 
creased. Controlling the gain in this matter provides 
high gain only where it is needed, such as on steep 
slopes and low gain elsewhere. The knowledge of the 
slope of the topography comes from the stored data in 
the memory 48 from the previous line and the stored 
data from the previous line thereby is used to anticipate 
the gain necessary to control the Z position for the 
present line. 

It is to be appreciated that the gain hysteresis system 
of FIG. 10 may also be implemented to have the func 
tion generator H2 use the magnitude of the error signal 
of a previous scanline or lines to modify the gain of the 
function generator H1. Speci?cally, the delayed error 
signal may be filtered by the function generator 50 to 
remove high frequencies and with the magnitude of the 
?lter error signal then used to adjust the gain of the 
function generator H1. When the previous scanline 
error signal is large, the gain is increased. When the 
error previous scanline signal is small, the gain is de 
creased. Therefore, gain is added only where a large 
error signal from previous data indicates that it is 
needed. Again, it can be seen that the information from 
the previous scanline may be used to enhance the feed 
back control of the present scan line. 
The previous embodiments of the invention have 

been described generally with reference to the use of a 
previous scanline or perhaps a number of previous scan 
lines to enhance the responsive feedback loop to pro 
vide for a more accurate rendering of the topography of 
the sample. However, it is possible to use data from a 
previous completed frame or image as part of the feed 
back. Speci?cally, with a scanning tunneling micro 
scope, complete surface images are acquired periodi 
cally and for example, on large scans a complete surface 
image may be acquired every thirty seconds. If the 
image picture is stable and is not drifting from picture to 
picture, then it is possible to actually look ahead at the 
topography based on the previous information. 
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Therefore, it is possible that topography ahead of the 

present position may be anticipated by the topography 
of the previous or present position. For example, the 
control of the vertical tip position can anticipate the 
upcoming topography using an area surrounding the 
current position from the previous scan picture. This is 
shown in FIG. 11. Although, as indicated above, this 
anticipation would depend on the picture not drifting 
picture to picture, the current image information could 
be compared with the stored information in order to 
calculate the rate of drift so that the scanning system 
could compensate for the drift. Speci?cally, the actual 
Y scanning may be offset in the computer so as to cancel 
the drift and to yield highly repeatable images of the 
surface from picture to picture. In this situation, the 
feedback control 38 shown in FIG. 8 can look ahead at 
the topographical information on the previous picture 
and anticipate what the topography is and adjust the 
vertical position of the tip accordingly. 
As the scanning continues from frame to frame or 

image to image, the topography becomes more deter 
mined on each scan and the feedback becomes more 
precise on each scan. Therefore, the use of the informa 
tion from the complete previous scan could be used to 
enhance the topography ahead of the present position, 
or to enhance the scan of the present position by scan» 
ning the same position a number of times and each time 
providing a more precise image of the surface. 
Although the typical implementation of the present 

invention would use digital techniques, it is to be appre 
ciated that at least theoretically the invention may also be 
implemented using analog techniques. For example, an 
analog implementation is shown in FIG. 12. The data 
and analog feedback control, such as shown in FIG. 3, 
may be implemented by a further feedback loop which 
adds additional information from the previous line. 
Specifically, the output of a function generator 58 is 
used to control the gain of a function generator 54. The 
storage device 56 which stores one or more previous 
scan lines, supplied previous data to the function gener 
ator 58. The analog storage device 56 may be a charge 
coupled device or a delay line, or some other form of 
storage memory. Further signal processing, such as 
through the function generator 58, may be incorporated 
in this additional feedback loop and with the output of 
the function generator 58 being provided as a gain con 
trol to the function generator 54. The control signal for 
the Z drive 24 is, therefore, in accordance not only with 
the local error signal for the present position, but also in 
accordance with information from previous scan lines 
stored by the storage device 56. The information pro 
vided by the additional feedback, therefore, would en 
hance the normal analog feedback loop to help the tip 
follow the topography better than with the standard 
integral, proportional or differential analog feedback 
loop. 

In general, it can be seen that the enhanced feedback 
control of the present invention takes information from 
stored previous knowledge of the scan of the sample 
and speci?cally, information regarding the previous 
knowledge of the topography of the sample, and in 
cludes that information as part of the feedback control 
loop for the scan tip so that the tip can better follow the 
surface topography at each present location. Anticipat 
ing the topography thereby allows the system to pro 
vide a better following of the topography by not relying 
solely on the local error signal to adjust or change the 
height of the tip. The anticipation thereby uses the 
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stored topographical information to increase the re‘ 
sponse of the feedback loop and also to provide for a 
more accurate rendering of the topography of the ob 
ject under investigation by the scanning tunneling mi 
croscope. 
As indicated previously, the present invention may be 

used not only to enhance the operation of the scanning 
tunneling microscope, but also to enhance the operation 
of other types of devices. such as an atomic force micro 
scope. This type of device is similar to the scanning 
tunneling microscope, but in the atomic force micro 
scope a diamond tip or other sharp hard tip, is physi 
cally run across the topography of the sample and with 
a device such as a piezoelectric device used to make 
sure that the force of the tip against to surface is held 
constant. 

Specifically, the force is generally a very small force 
and in a typical case, a diamond tip is held on a cantile 
ver beam with the cantilever beam connected to a piezo 
electric device. The tip is then brought down onto the 
surface with a constant force, which force is provided 
by the bending of the cantilever beam as the tip hits the 
surface. As the diamond tip follows the topography and 
the cantilever beam starts to bend either up or down a 
small amount, this is detected by means such as tunnel 
ing or the de?ection of a light beam to produce an error 
signal which in turn used to control a feedback loop to 
change the piezoelectric device to maintain the force of 
contact constant. The feedback loop for such an atomic 
force microscope could thereby include the feedback 
control enhancement of the present invention. 

In all of the above embodiments, it is assumed that the 
sample is horizontal, the tip is scanned horizontally, and 
the feedback loop controls the tip motion vertically. It 
is to be appreciated that these orientations [ar] are 
arbitrary. and that the sample could be orientated verti 
cally with the feedback loop acting horizontally, or 
other orientation. Also it should be appreciated that the 
sample could be scanned and moved vertically instead 
of the tip. 

Although the invention has been described with ref 
erence to particular embodiments, it is to be appreciated 
that various adaptations and modi?cations may be made 
and the invention is only to be limited by the appended 
claims. 
We claim: 
1. A feedback loop system to control a relative verti 

cal position ofa tip to a surface ofa sample and with the 
tip or sample scanned in a horizontal plane relative to 
the surface to measure the topography of the surface, 
including 

?rst means coupled to the tip or sample for providing 
relative scanning of the tip across the surface in a 
horizontal plane along a plurality of adjacent scan 
ning lines, 

second means coupled to the tip and the surface for 
producing output signals in accordance with the 
relative vertical position between the tip and the 
surface at individual positions along the plurality of 
adjacent scanning lines, [the] the third means 
responsive to the output signals from the second 
means for producing control signals to control the 
vertical position of the tip or sample at individual 
positions, 

fourth means coupled to one or both of the second 
and third means, for storing signals from these 
means at individual locations for later retrieval of 
these stored signals and with the third means re 
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sponsive to the output signals from the second 
means and the previously stored signals from the 
fourth means for producing control signals repre 
senting the vertical position of the tip or sample at 
individual positions, and 

?fth means coupled to the tip or sample and the third 
means and responsive to the control signals to con 
trol the tip or sample in accordance with the con 
trol signals to a predetermined vertical position. 

2. The feedback loop system of claim 1 wherein the 
?rst means includes means for scanning along the plu 
rality of adjacent scanning lines to produce a succession 
of frames of the topography of the surface and including 
means for forming the control signals by the output 
signals from the second means and the previously stored 
signals from the third means from the same frame as the 
output signals from the second means. 

3. The feedback loop system of claim 2 including 
means for forming the control signals by the output 
signals from the second means at the individual posi 
tions along each adjacent scan line and the previously 
stored signals from the fourth means at the individual 
positions from the prior adjacent scan line. 

4. The feedback loop system of claim 1 wherein the 
?rst means includes means for scanning along the plu 
rality of adjacent scanning lines to produce a succession 
of frames of the topography of the surface and including 
means for providing control signals formed by the out 
put signals from the second means from one frame and 
the previously stored signals from the fourth means 
from a previous frame. 

5. The feedback loop system of claim 1 including 
means for modifying the output signals from the second 
means by the previously stores signals from the fourth 
means to anticipate the topography of the surface to 
enhance the control of the tip by the control signals to 
the predetermined vertical position. 

6. The feedback loop system of claim 5 including 
means for generating signals of the third means by ap 
plying a feedback function to the output of the second 
means and combining it with the previously stored 
signals from the fourth means. 

7. The feedback loop system of claim 5 including 
means for modifying the amplitude of the output signals 
from the second means by the previously stored signals 
from the fourth means. 

8. The feedback loop system of claim 7 including 
means for providing the previously stored signals from 
the fourth means to include an absolute value of the 
output signal from the second means. 

9. The feedback loop system of claim 7 including 
means for providing the previously stored signals from 
the fourth means to include an absolute value of the 
slope of the output from the third means. 

10. The feedback loop system of claim 1 including 
means for controlling the tip to have a constant relative 
vertical position. 

11. The feedback loop system of claim 10 including 
means for providing the constant relative vertical posi 
tion to be a particular distance between the tip and 
surface. 

12. A feedback control system for enhancing the 
feedback loop characteristics of a vertical axis control 
in a scanning tunneling microscope or the like, includ~ 
ing 

a tip member for positioning relative to the surface of 
a sample for measuring the topography of the sur 
face of the sample, 
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a horizontal control coupled to the tip or sample for 
providing a plurality of adjacent horizontal scans 
across the surface, 

a vertical control coupled to the tip or sample for 
providing a vertical control of the tip or sample 
during the plurality of adjacent horizontal scans, 

a local error signal produced in accordance with the 
vertical position of the tip relative to the surface in 
real time during the plurality of adjacent horizontal 
scans, 

a storage member for storing one or both of a signal 
representing the surface topography and the local 
error signal, for producing delayed versions of the 
stored signals, and 

a vertical control signal coupled to the vertical con 
trol and formed by combining the local error signal 
and the delayed signal for enhancing the control of 
the vertical position of the tip or sample. 

13. The feedback control system of claim 12 wherein 
the horizontal control includes means for providing the 
plurality of adjacent horizontal scans to form a frame 
and means for providing a plurality of such frames suc 
cessively and means for forming the control signal by 
combining the local error signal and the delayed signal 
from the same frame. 

14. The feedback control system of claim 12 includ 
ing means for delaying the delayed error signal one 
horizontal scan relative to the local error signal. 

15. The feedback control system of claim 12 wherein 
the horizontal control includes means for providing the 
plurality of adjacent horizontal scans to form a frame 
and means for providing a plurality of such frames suc 
cessively and means for forming the control signal by 
combining the local error signal and the delayed signal 
from different frames. 

16. The feedback control system of claim 12 includ 
ing means for combining the delayed signal with the 
local error signal to anticipate the topography of the 
surface as the control signal controls the vertical posi 
tion of the tip or sample. 

17. The feedback control system of claim 16 includ 
ing means for modifying the amplitude of the local error 
signal by the delayed signal. 

18. The feedback control system of claim 17 includ 
ing means for providing the delayed signal to be one or 
both of a delayed local error signal and a delayed verti 
cal control signal. 

19. The feedback control system of claim 17 includ 
ing means for providing the delayed signal to be an 
absolute value of the delayed local error signal. 

20. The feedback control system of claim 17 includ 
ing means for providing the delayed signal to be an 
absolute value of the slope of the vertical control signal. 

21. The feedback control system of claim 12 includ 
ing means for controlling the vertical positions of the tip 
or sample by the control signal to be constant relative to 
the surface. 

22. The feedback control system of claim 21 includ 
ing means for providing the constant relative position to 
be a predetermined position to provide for an optimal 
operation of the scanning tunneling microscope or the 
like. 

23. A method of controlling the relative vertical posi 
tion of a tip to a surface of a sample and with the tip or 
sample scanned in a horizontal plane relative to the 
surface to measure the topography of the surface, in 
cluding the following steps 
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scanning the tip or sample relative to the surface in a 

horizontal plane along a plurality of adjacent scan 
ning lines, 

producing output signals in accordance with the rela 
tive vertical position between the tip and the sur 
face at individual positions along the plurality of 
adjacent scanning lines, 

producing control signals representing the relative 
vertical position of the tip or sample at individual 
positions, 

storing one or both of the output signals and control 
signals at the individual positions for later retrieval 
of the previously stored signals, and 

controlling the tip or sample in accordance with the 
control signals and one or more of the previously 
stored signals to a predetermined relative vertical 
position. 

24. The method of claim 23 wherein the scanning 
along the plurality of adjacent scan lines produces a 
succession of frames of the topography of the surface 
and with the control signals formed by the output sig 
nals and the previously stored signals from the same 
frame. 

25. The method of claim 24 wherein the control sig 
nals are formed by the output signals at the individual 
positions along each adjacent scan line and the previ 
ously stored signals at the individual positions from the 
prior adjacent scan line. 

26. The method of claim 23 wherein the scanning 
along the plurality of adjacent scanning lines produces a 
succession of frames of the topography of the surface 
and with the control signals formed by the output sig 
nals from one frame and the previously stored signals 
from a previous frame. 

27. The method of claim 23 wherein the previously 
stored signals modify the output signals to anticipate the 
topography of the surface to enhance the control of the 
tip or sample by the control signals to the predeter 
mined vertical position. 

28. The method of claim 27 wherein the previously 
stored signals modify the amplitude of the output sig 
nals. 

29. The method of claim 28 wherein the previously 
stored signals include an absolute value of the output 
signals. 

30. The method of claim 28 wherein the previously 
stored signals include an absolute value of the slope of 
the control signals. 

31. The method of claim 23 wherein the tip and sur 
face are controlled to have a constant relative vertical 
position. 

32. The method of claim 31 wherein the constant 
relative vertical position is a particular distance be 
tween the tip and surface. 

33. A method for enhancing the feedback loop char 
acteristics of a vertical axis control in a scanning tunnel 
ing microscope or the like, including the following steps 

providing a tip member for positioning relative to a 
surface of a sample for measuring the topography 
of the surface, 

coupling a horizontal control to the tip or sample for 
providing a plurality of adjacent horizontal scans 
across the surface, 

providing a vertical control to the tip or sample for 
the plurality of adjacent horizontal scans, 

providing a local error signal in accordance with the 
vertical position of the tip relative to the surface in 
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real time during the plurality of adjacent horizontal 
scans, 

storing one or both of the local error signal, or a 
signal describing the surface topography for pro 
ducing delayed versions of the stored signals, and 

forming a vertical control signal of combining the 
local error signal and the delayed signals and cou 
pling the control signal to the vertical control for 
enhancing the control of the vertical position of the 
tip or sample. 

34. The method of claim 33 wherein the horizontal 
control provides the plurality of adjacent horizontal 
scans to form a frame and with a plurality of such 
frames provided successively and with the control sig 
nal formed by combining the local error signal and the 
delayed signals from the same frame. 

35. The method of claim 34 wherein the delayed 
signal is delayed one horizontal scan relative to the local 
error signal. 

36. The method of claim 33 wherein the horizontal 
control provides the plurality of adjacent horizontal 
scans to form a frame and with a plurality of such 
frames provided successively and with the control sig 
nal formed by combining the local error signal and the 
delayed signal from different frames. 

37. The method of claim 33 wherein the delayed 
signals are combined with the local error signal to antic 
ipate the topography of the surface as the control signal 
controls the vertical position of the tip or sample. 

38. The method of claim 37 wherein the delayed 
signal is one or both of the delayed local error signal 
and the delayed vertical control signal. 

39. The method of claim 37 wherein the delayed 
signals modify the amplitude of the local error signal. 

40. The method of claim 39 wherein the delayed 
signal is an absolute value of the delayed local error 
signal. 

41. The method of claim 39 wherein the delayed 
signal is an absolute value of the slope of the delayed 
vertical control signal. 

42. The method of claim 33 wherein the control sig 
nal controls the vertical position of the tip or sample to 
be constant relative to the surface. 

43. The method of claim 42 wherein the constant 
relative position is a predetermined position to provide 
for a optimal operation ofthe scanning tunneling micro 
scope or the like. 

44. A microscope comprising.‘ 
a probe with a sensing tip to probe 0 sample; 
scanning means for creating relative movement between 

the sample and the sensing tip,‘ 
sensing means for sensing the position of the sensing tip; 
and 

feedback means connected between the sensing means 
and the scanning means for maintaining the tip in a 
pre-established relationship with respect to a scanned 
surface of the sample in a vertical direction to obtain 
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height information about the scanned surface of the 
sample, said feedback means comprising, 

analog-to-digital conversion means for obtaining an 
analog signal from the sensing means and for convert 
ing said analog signal into a digital signal, 

digital computation means including program means for 
receiving said digital signal from said analog-to-digi 
tal conversion means and for calculating and output 
ting digital vertical control signals which create de 
sired relative movement between the sample and the 
sensing tip in the vertical direction to maintain the tip 
in the pre-established relationship with respect to the 
scanned surface of the sample in the vertical direction, 
and 

digital-to-analog conversion means for receiving said 
digital vertical control signals from said digital com 
putation means and for outputting analog control 
signals to the scanning means to affect movement 
thereof in the vertical direction. 

45. The microscope according to claim 44, wherein said 
digital computation means of said feedback means com 
prises: 

means for producing said vertical control signals based 
at least in part on the vertical position of said tip in a 
previous line scan of said sample by said tip. 

46. The microscope according to claim 44, wherein said 
digital computation means of said feedback means com» 
prises." 

means for producing said digital vertical control sig 
nals based at least in part on a gain term derived at 
least in part on the vertical position of said tip in a 
previous line scan of said sample by said tip. 

47. The microscope according to claim 44, wherein said 
sensing means comprises: 

means for sensing a tunneling current ?ow between said 
tip and said sample. 

48. The microscope according to claim 45, wherein said 
sensing means comprises: 

means for sensing a tunneling current ?ow between said 
tip and said sample. 

49. The microscope according to claim 46, wherein said 
sensing means comprises: 

means for sensing a tunneling current flow between said 
tip and said sample. 

50. The microscope according to claim 44, wherein said 
sensing means comprises: 

means for sensing the force interaction of said tip with 
said surface. 

5]. The microscope according to claim 45, wherein said 
sensing means comprises: 

means for sensing the force interaction of said tip with 
said surface. 

52. The microscope according to claim 46, wherein said 
sensing means comprises: 

means for sensing the force interaction of said tip with 
said 'urface. 
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