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Abstract

Scanning tunneling microscopy/spectroscopy is a new technique in many fields of pure and
applied sciences. With STM/STP, one can not only image the sample surface with atomic reso-
lution, but also probe the electronic structure of the sample. In the semiconductor industry, this
unique capability is becoming an important tool since one needs to know the actual distribution of
impurities in the devices as the feature dimensions are reduced to the sub-micron regime.

We have developed a procedure for measuring the I-V tunneling spectrum with an STM. It
is shown that by analyzing these I-V spectra with the use of a proper tunneling model, one can
in principle obtain the doping concentration at the measurement point. By scanning the tip over
the device and making I-V measurements at every point, one can build a two-dimensional doping
profile with nanometric/atomic resolution.

This report describes the principles and procedures for the I-V measurements and presents
some of the results. These results show the feasibility of using this new instrument to obtain
the important doping information in sub-micron devices. Problems and improvements are also

discussed.
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Chapter 1

Introduction

1.1 Introduction

DRAM’s are doubling their capacities every few years. Microprocessors are incorporating more
funct}ohal blocks into a single chip. It seems that modern craftsmen are successfully making the
world more compact and more efficient by making semiconductor devices smaller and smaller.
However, when techniques gradually reduce the dimensions of devices to the sub-micron regime,
one is faced with new problems in metrology that emerge as the feature sizes of devices become
comparable with that of the underlying physics. Lateral diffusion of dopants, for example, may
be of the same order as the device dimensions . Such small-scale effects have made many of the
simple approximations used in the standard device analysis almost unrealistic. To understand
device physics and correctly model devices and fabrication processes in this regime, one of the
most important pieces of information one needs to know is the actual distribution of impurities in
these devices.

Standard procedures for doping profile measurement include C-V measurement, spreading resis-
tance measurement and secondary ion mass spectroscopy (SIMS)[1, 2]. These methods can provide
dopant/carrier concentrations with sub-micron resolution in the vertical direction but suffer from
the fact that they are only one dimensional measurements. Angle-lapping and staining techniques
can be used to delineate two-dimensional junction shapes with even higher resolution [3]. However,
this typically can not give quantitative values of the doping concentration in the junctions.

A newborn technology which can be used for this purpose is scanning tunneling microscopy/

spectroscopy (STM/STP). Since its invention in 1982 [4], STM has proven to be a powerful tool



for imaging surface topography as well as probing the electronic structure of samples [5, 6]. It can
be easily modified to measure the tunneling I-V characteristics in two dimensions over the cross
sections of devices. With proper models of the tunneling mechanism, one can, in principle, extract
the doping concentration at each point and build a two dimensional map of dopant distributions

in the devices.

1.2 Doping Profiling with STM/STP

Since doping concentrations can be measured with STP, one can scan the STM tip across a device
and make I-V measurements at an array of points. From these two dimensional measurements one
can in principle build a two dimensional map of the impurity distribution in the device (Fig. 1.1(a)).
If we apply supply voltages to the device, we can even measure the potential distribution in the
operating devices (Fig. 1.1(b)). This is an important verification of theories and simulations of

semiconductor devices.
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Figure 1.1: (a)Doping concentration measurement (b) potential measurement with STM/STP



Several attempts have been made to obtain this information with the use of STM in vari-
ous forms. Muralt et al measured the potential distribution across a heterojunction [7]. Similar
potential-dependence of tunneling currents was used to image cleaved p-n junctions [8]. Salemink
et al measured the relative band edge offsets across a GaAs-AlGaAs interface [9, 10]. Scanning
capacitance microscopy [11, 12] and STM combined with chemical etching [13] were also used to
evaluate doping profiles. Direct I-V measurements were performed by Kaiser et al [14] and Tani-
moto et al [15] and resulted in a current imaging tunneling spectroscopy (CITS) image of a double

heterostructure [15].

1.3 Review of Scanning Tunneling Microscopy/Spectroscopy [16]

Tunneling is a quantum mechanical phenomenon which depends exponentially on the separation
between two electrodes. In the low voltage limit, the tunneling current between two metal electrodes

can be expressed as [17]:

J = JpV/V exp(—AV9) (1.1)
= (%)2-——‘2‘:;5‘/ exp(—fl—hz\ﬂmq&As) (1.2)
13 \/f:/ exp(—1.025\/<$As), (1.3)

where V' (Volt) is the bias voltage across the potential barrier, ¢ (eV) the average potential barrier
height and As (&) the separation between electrodes. In a scanning tunneling microscope (Fig. 1.2),
a metal tip is brought to within the tunneling range of the sample using piezoelectric transducers
and a bias voltage is applied between the tip and sample. In the most commonly used constant
current mode, the tunneling current is kept constant by feedback. Since the tip sees the atomic
corrugation as it scans over the sample, it must adjust its height accordingly in order to keep the
current constant. Therefore, one can record the voltage applied to the z-piezoelectric element to
obtain the surface topography of the sample. In fact, what the tip follows is the constant Fermi-
level contour of the surface. Another imaging mode is constant height mode. In this mode the
vertical height of the tip is kept constant while it scans laterally. From Eq. 1.3, it is seen that
tunneling current depends not only on the topographic variations (As) but also on the electronic

properties (¢) of the samples. In a semiconductor material, the electronic properties depend on
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Figure 1.2: Principles of scanning tunneling microscope. The tip is moved laterally and vertically
by piezoelectric elements.

such factors as the doping concentration, work function, surface state density, etc. As a result,
with proper models of the tunneling processes, one can obtain these valuable informations about

the material by analyzing the tunneling I-V spectra [18].



Chapter 2

Experimental

2.1 Instrumentation

The STM wused in this project was originally built by Roland Schaefer [19]. However, several
improvements and modifications have been made during the progress of this project in order to

accommodate it to the present objectives. The readers are referred to Schaefer’s report for more

details about the STM.
2.1.1 Mechanical Structure

The STM was designed as a rigid unit with heavy metal plates and tygon tubing as vibration
damping. Coarse approach is done manually and mechanically. Fine adjustment and scanning
are controlled by electronics with the use of a single lead zirconium titinate (PZT) tube. The
sensitivities of the tube are about 72 A in the z-direction (calibrated with optical interferometry)
and 50 A in the 2- and y-directions (calibrated from the image of graphite). Maximal moving
distances of the tube scanner is about 2.1 ym in the z-direction and 2.5 pm in the z- and y-
directions. The automated scanning range is about 0.14 pm X 0.14 ym .

The most important thing about the mechanical operation is to keep the tip from touching
the sample during the manual coarse approach. Due to the friction in the mechanical system
and the finite response speed of human beings, the tip always has a small but finite incremental
displacement each time one turns the vernier. Since the PZT tube has a maximal electronically-
controllable moving distance of 2 pm , it must be guaranteed that one can move the tip manually by
steps less than this distance. A plastic wheel with 3” diameter is attached to the vernier co-axially

to increase the sensitivity of the mechanical approach. It has been shown that proper procedures



(Appendix A) and careful operation can prevent the tip from accidentally touching the sample

during the coarse approach.
2.1.2 Electronic Hardware

The functional block diagram and main feedback circuits are shown in Fig. 2.1 and Fig. 2.2. The
other circuits are included in Appendix B. The main feedback circuit is basically a PI controller.
One can adjust the time constant of the integrator and gain of the proportional amplifier. A low
pass filter was once inserted between A3 and A5 and then moved to behind A5. It was found that
this filter does not help much in noise reduction, so it was eventually removed. Switches S1 and
S4a are used to control the on/off of the feedback loop. When the switches are opened, the input
of the PI controller is connected to ground and the integrator functions like a sample-and-hold
circuit. However, due to leakage and offset currents, the voltage on the capacitor will increase
gradually. This makes the tip move toward the sample after the loop is opened. One way to solve
this problem is to increase the time constant of the integrator so that the change in the capacitor
voltage is small enough that we can neglect the tip drift due to this effect during the break of the
feedback loop. Empirically it was found the maximal time constant of the integrator (= 0.2 sec)
was quite satisfactory in this respect.

The pre-amplifier has also been redesigned. The original one used a voltage divider to convert
the tunneling current to a voltage signal. This was changed to a true current-to-voltage converter
(Fig. 2.2).

An HP 9836CU computer is used for control and data acquisition via the GPIO interface.
Another interface circuit (Fig. B.2) is connected between the GPIO port and various parts of the
STM so that the computer can receive input data and transmit control signals/output data properly.
This interface circuit consists of four 12-bit D/A converters, one 10-bit A/D converter and some
simple control logic. D/A converters supply the voltages for z- and y-scans, 2-displacement and tip
bias. The minimum resolution of these DAC’s is & 1.2 mV, which corresponds to 0.8 and 0.08 A
resolutions in the vertical and lateral directions, respectively. The ADC provides a programmable
2-channel input. On-board DIP switches enable the operator to adjust the amplification of each

channel for signals of different magnitude.

10
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2.1.3 Software

The following programs for various kinds of measurements were developed as parts of an integrated

control/measuring software:

o I, vs. V. measurement:
tunneling I-V spectra measurement, tip-sample separation variation vs. bias voltage mea-

surement, data storage

¢ V, vs. V; measurement:

tip-sample separation vs. bias voltage measurement, data storage

e I, vs. V, measurement:

tunneling current vs. tip-sample separation measurement, data storage

¢ Two dimensional scanning and imaging:

2D scanning and imaging, display, zooming

e Calibration:

DAC and ADC calibration

¢ Fast image acquisition:

image data acquisition with frequency up to 100k data/sec

The last one is a stand-alone program that utilizes the DMA ability of the GPIO interface to read
data with high speed. The whole program is written in such a way that it is easy for the user to

switch between various measurements and adjust the measurement parameters.
2.2 Operation Principles

This section describes how, in its present configuration, the STM is operated to measure various
kinds of data. There are freedoms that allow one to re-program the measuring procedures, but there
are also limitations, mainly posed by the hardware, so that one has to make some compromises
somewhere.

Due to noise in the tunneling process, it is difficult to get an image with atomic resolution

if the tip scans too slowly. Mechanical vibration, for example, will cause huge current variations
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