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Abstract 

This report describes the purchase of equipment for instrumentation and feed- 
back control of chemical vapor deposition reactors for III-V compound semiconduc- 
tor device manufacturing. A combination of ultrasonic and optical sensors are used 
to measure component gas concentrations and the growth rate at the sample sur- 
face. Mass flow controllers, at various locations in the reactor gas delivery system, 
are used to control the pure component flow. Two optical sensing systems are being 
developed with funds from this grant. The first is an ultraviolet light absorption 
monitor, which uses the absorption at a particular ultraviolet frequency to measure 
the gas partial pressure, and thereby infer the concentration above the growing 
surface. The second is a reflective difference spectroscopy system which determines 
the growing layer thickness in real-time, from the polarization of a reflected light 
beam. Digital computers are used to implement the data acquisition and feedback 
control systems. 

The report contains an overview of the metalorganic chemical vapor deposition 
system. The sensing, actuation, and control approaches are described in detail. A 
complete description of the components is also provided. The research is ongoing 
and the publications related to the funded development work are attached. 
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1    Problem Statement 

In the past few years, metalorganic chemical vapor deposition (MOCVD) has emerged 
as one the most promising technique for production of the next generation of high speed 
electronic and opto-electronic devices. However* the MOCVD technique currently suf- 
fers from lack of in situ process control which causes a lack of precise reproducibility. 
Precise control of the composition and growth rates will allow the construction of nu- 
merous high performance III-V semiconductor devices. This precision can be improved 
by applying feedback control to the MOCVD process. Issues that arise during the appli- 
cation of feedback control to MOCVD include, developing real-time feedback monitors, 
generating a system model, defining the control loops - both sensors and actuators, 
and then designing the controllers. Further challenges arise in measuring the controller 
performance, such as designing growth structures that can provide specific composition 
and thickness information with post-growth evaluation techniques. 

2    Project Description 

2.1    Introduction 

This project is a collaborative effort which applies control theory to the processing of 
electronic materials. Because these processes are typically run in an open loop fashion, 
there is much room for improvement by applying feedback control. We are investigating 
closed loop control of the MOCVD process. The purpose of this work is to greatly 
reduce the high degree of process variance, which will improve MOCVD process yields 
and also enable fabrication of complex devices. Specifically, real-time control of the 
MOCVD will address both layer-to-layer, and run-to-run reproducibility, as well as 
lateral sample uniformity. In addition, this work will generate a better understanding 
of the MOCVD process dynamics and disturbances that hinder tolerances, resulting in 
improved MOCVD machine design and growth procedures. 

Applying control theory to the processing of electronic materials at UCSB requires a 
strong collaborative effort from members of the Center fo Control Engineering and Com- 
putation in the Department of Electrical and Computer Engineering, with compound 
semiconductor researchers in the Department of Materials. The application of control 
to semiconductor processes is an new field where control researchers are just starting 
to venture.' These processes have a lot to gain from control theory because they are 
currently run in an open loop fashion. Calibrations and adjustments are made before 
a run or by an operator during a run. By monitoring the process in real time, these 
adjustments can be made automatically and with extreme precision. 

Section 2 of this report begins with a brief review of the MOCVD process, followed by a 
discussion on the motivation for feedback control. Then, the control strategy and status 



axe summarized. Section 2 is concluded with a more detailed description of the control 
applications. Section 3 contains a brief list of the equipment budget, followed by a more 
detailed description of every item purchased for instrumentation and feedback control 
of the MOCVD system. This research and its impact are summarized in Section 4. The 
appendix contains a list of scientific personnel who have benefited from this grant while 
working towards advanced degrees, as well as copies of the four publications that have 
been generated from the project thus far. 

2.2    The MOCVD Process 

The following description is a brief summary of the system overview contained in [1,2]. 
An example of ternary MOCVD growth is when two column III alkyl sources, such as 
trimethylgallium (TMG) and trimethylindium (TMI), are mixed in a vapor phase with 
an organometallic column V source, such as tertiarybutylarsine (TBA). Under specific 
conditions, including reactor pressure, temperature, and molar flow rates, the deposition 
of a solid will occur. For TMG, TMI, and TBA, the resulting solid is GaxIn(1_x)As. 
In III-V growth, the column III and V atoms primarily deposit in a 1:1 ratio. The 
column III ratio x, in the ternary compound example, is one of two main parameters to 
control. This molar ratio, or composition, has tolerances of ± 0.01 in order to obtain 
the desired emission wavelength from a quantum-well laser for example. The thickness 
or growth rate is the other parameter which must obtained precisely in the fabrication 
of electronic-grade devices. 

Figure 1 is an overview of the gas flow through the system for a single source. The source 
chemicals are transported to the growth chamber in a vapor phase by bubbling hydrogen 
gas through the source vessel that stores the liquid reagent. This vessel is referred to as 
a bubbler. The resulting gas flow from the bubbler consists of hydrogen and the desired 
concentration of the source. The source concentration is regulated by three mass flow 
controllers, the input controller located before the bubbler (input MFC), an H2 dilution 
controller located after the bubbler (dilution MFC), and the last one located before the 
injection manifold (injection MFC) and a pressure controller (bubbler PCV). 

The separate gases are mixed in an injection manifold, then sent to the growth chamber 
to thermally decompose onto the substrate. A fast switching manifold prevents dead 
spaces and the premature component reactions, leading to interfaces with the desired 
abruptness. Gas molecules in the chamber diffuse through a stagnant layer to the 
substrate which then decompose on the surface. Products of the decomposition move 
over the surface until they find available lattice sites where they are incorporated into 
the lattice [3, p. 135]. The susceptor is under tight temperature control (via IR lamps) 
to provide uniform film composition and thickness across the substrate. For the desired 
crystal growth to occur, the column III reagent compositions sent to the reactor are 
precise quantities, while the column V compositions are present in an overabundance. 
After a growth, information about the resulting composition and thicknesses can be 
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Figure 1: Simplified schematic overview of the MOCVD process for one gas. The 
available sensors and actuators for control are shown by the grey shading. 

determined using X-ray diffraction techniques. 

In mass-transport limited MOCVD processes, both composition and growth rate (thick- 
ness) are proportional to the delivery rate of the column III precursors. The key pa- 
rameter is the pure component flow rate, which is the product of the concentration of 
the source in the hydrogen carrier multiplied by the total flow rate of the source in 
the carrier. The typical growth procedure involves measuring the concentration of the 
ultrasonic concentration monitor (shown in Figure 1) before growth, and then adjusting 
the mass flow controller located just before the injection manifold (injection MFC) so 
that the product of the concentration and flow rate is the desired pure component flow 
rate. During growth however, the mass flow controller set point is not adjusted. Con- 
sequently, concentration disturbances with time constants faster than a growth period 
can corrupt the target composition and thickness. 

Feedback control systems require both sensors, to measure the state of the system and 
actuators, to modify the state of the system. The available sensors and actuators for 
the MOCVD process are shown Figure 1 by the grey shading. The available sensors 
include the ultrasonic concentration monitor (Epison) [4], located upstream in the gas 
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deliver section, the ultraviolet absorption monitor, located downstream just before the 
susceptor, and the reflective-difference spectroscopy monitor, also located downstream 
at the susceptor (these downstream sensors are labeled as optical sensing systems in 

Figure 1). 

2.3    Motivation for Control 

In [1, 2], a bubbler disturbance was shown to corrupt the pure component flow rate 
during growth, thereby degrading the desired device composition and thickness. This 
bubbler disturbance occurs in the gas delivery system and is considered here to be an 
upstream disturbance. A control loop located in the gas delivery system has been shown 
to reject these disturbances and significantly improve growth [1, 2, 5]. A key component 
in the upstream control system was the ultrasonic concentration sensor. Although the 
upstream disturbances can be sensed and rejected using the ultrasonic concentration 
sensor, there is evidence of downstream disturbances that cannot be detected by the 
upstream sensor. One downstream disturbance seen in the growth data is manifested as 
a gas flow disturbance, and is believed to be caused by pressure fluctuations during an 
injection manifold switch event. This type of flow disturbance could degrade the desired 
quality of abrupt interfaces [6]. Hence a control system that can measure and then reject 
these disturbances is desirable. Additionally, the pure component flow is expected to be 
disturbed in the downstream system due to the changing temperature gradients along 
the piping system. Evidence of thermal diffusion that leads to a change in reactant 
partial pressure is discussed in [7]. The existence of these disturbances motivated the 
development of additional sensing systems, located downstream from the gas delivery 
system, at the reaction chamber. Once the sensors are in tact, the presence of these 
disturbances can be verified and further characterized. 

The two downstream sensing systems that are currently being developed at UCSB are 
the ultraviolet (UV) absorption monitor and the reflective difference spectroscopy (RDS) 
sensor. These sensing systems are both optical-based, where a light source is directed at 
or near the sample and a detector measures the remaining light after either absorption 
or reflectance occurs. The UV sensor provides real-time information about the pure 
component flow delivery rates at the reactor and will therefore be used to control both 
composition and thickness via the injection MFC. Additionally, the UV sensor has been 
shown to measure the transport transients and delays occurring after a switching event 
from the injection manifold [8]. This is extremely useful information that can be used 
to improve the abruptness of device interfaces. The RDS system provides real-time 
growth rate information [9, 10]. Using the RDS signal information, the growth rate can 
be regulated by controlling the switching time at the injection manifold. 

Still, another reason to apply control to MOCVD growth is to improve the tracking per- 
formance to a commanded reference input. The growth of high efficiency vertical-cavity 
surface-emitting lasers requires the parabolic grading of composition in thin layers [11]. 



Currently, these gradings are obtained by commanding a mass flow controller to flow 
the parabolic profile. Although the flow is controlled, the tracking error between the 
commanded and actual composition is still running in an open loop fashion and can be 
greatly reduced with compositional feedback control. 

2.4    Overview of Control Approach and Status 

This project encompasses three types of control loops, which are divided below by the 
type of sensor. The first loop uses an ultrasonic sensor that is located upstream in the 
process, at the gas delivery system. The second loop uses an ultraviolet concentration 
monitor, located downstream in the process, and measures the reactant concentrations 
just before the susceptor. The third loop uses a reflectance difference spectroscopy 
sensor, which measures the growth rate of the sample. In future work, one or more of 
these loops may be combined to obtain an optimal coupled system, but at this stage, 
the three separate loops are being investigated. 

At UCSB, there are two MOCVD machines: one used for the AlGalnP material system 
and one used for InGaN material system. The AlGalnP MOCVD machine also has 
nitride capabilities because it is of interest to investigate these material systems with 
nitrogen. This project encompasses the implementation of all three loops on each ma- 
chine. The AlGalnP material system has been studied longer and is better characterized 
in the literature, as compared to the younger InGaN material system. For this reason, 
the three control loops will be first implemented on the AlGalnP system, then on the 
InGaN system. Most of the equipment was purchased in duplicate, in order to facilitate 
the control systems on both MOCVD machines. However, several components were not 
duplicated in order to allow for testing and improved sensor design. 

The status at present is as follows: 

• Ultrasonic Sensor for AlGalnP: 
The ultrasonic sensor control has been successfully implemented. However the 
ultraviolet sensor control loop will actuate the injection MFC. Consequently, the 
ultrasonic control system was redesigned using a different actuator and must be 

tested. 

• UV sensor for AlGalnP: 
All the components are purchased and the sensing system has undergone successful 
preliminary tests. Current efforts include reducing the signal-to-noise ratio and 
optimizing the geometry of the sensor lay-out. 

• RDS sensor for AlGalnP: 
All components are purchased. Initial tests of individual components have been 
performed, for example, remotely driving the monochromator with the motor and 



testing the light source and detectors. The next step is to configure the entire 
system and obtain growth rate signal. 

Ultrasonic Sensor for InGaN: 
Three ultrasonic sensors (one Epison and two Minisons) have been purchased and 
installed in this system. A closed loop control option has been purchased by the 
MOCVD manufacturer for the Epison (TMI source). The next step is to compare 
the differences between the control system we developed and the control system 
the manufacturer developed. 

UV Sensor for InGaN 
Most of the components have been purchased.   This system will be optimized 
based on the results of the AlGalnP system. 

RDS Sensor for InGaN 
Most of the components have been purchased.   This system will be optimized 
based on the results of the AlGalnP system. 

2.5    Applications of Feedback Control 

Upstream Ultrasonic Sensor Control 

To start, we have developed a mathematical model of the MOCVD process based on 
first principles and input/output data [1, 12]. From this model, we designed a control 
system that uses an upstream concentration measurement to control the mass flow rate 
of one gas. The goal of this controller was to reject the bubbler disturbances that 
perturb the pure component flow. Initially, we built and tested an analog version of this 
controller. Then we implemented the controller on the MOCVD system and grew some 
device-like samples. By comparing the X-ray diffraction results of the samples grown 
with my control system to the samples grown under normal operation, it was evident 
that the control system improved both composition and thickness reproducibility [1, 2]. 

Encouraged by the success of this analog implementation, we developed a corresponding 
digital control implementation. In general, a digital control system is preferred for 
control research because the control structure can be modified quickly and easily. In 
addition to control, the digital system is also used for data acquisition. In recent tests, 
we have recorded 6 channels of information. With the newly purchased equipment, we 
will be able to record over 30 signals. 

The control system we implemented measured the concentration from the ultrasonic 
sensor (see Figure 1) and controlled the flow rate at the injection MFC. This was a 
"feedforward" control structure. Due to its location in the process, the injection MFC 
is chosen to be the best actuator for the UV absorption loop, which is described in 
the next section. Consequently, a new control system was configured for the ultrasonic 



concentration sensor and is illustrated in Figure 2. The control loop now consists of 
measuring the concentration and controlling a combination of the carrier and dilution 
MFCs. Because this is a "feedback" control structure, additional modeling and analyses 
are required to design the controller. Current control theory efforts involve modeling 
the nonlinear bubbler dynamics labeled in Figure 2. The performance goals of this loop 
are to regulate the desired concentration and to reject the previously identified bubbler 
disturbances. The flow sent downstream will then have a more stable concentration 
content and will ease the disturbance rejection action in the UV and RDS loops. 

The remaining steps in this development include the following: 

• Complete the plant modeling effort and feedback controller design 

• Implement the control system, closing the loop shown in Figure 2. 

• Perform input/output experiments on the closed loop system to further identify 
the MOCVD process dynamics and disturbances. 

• Enhance the current plant model and optimize the controller design. 

• Evaluate the control system by growing test structures and performing post- 
growth material examinations such as X-ray diffraction and photoluminescence 
to independently verify the composition and thickness control performance. 

• Analyze both real-time and post-growth data to improve the control loop. 

Downstream Ultraviolet Absorption Sensor Control 

The next step in this work is to use an ultraviolet (UV) absorption sensor located at 
the growth chamber for feedback in a pure component flow control scheme. As shown 
in the previous section, this will improve both the composition and thickness accuracy 
and reproducibility. Because this measurement is located just before the growth occurs, 
it provides better in situ information than the upstream ultrasonic concentration sig- 
nal. A schematic of the UV sensing system is shown in Figure 3. Although the sensor 
development is not complete, this figure displays the general configuration of the com- 
ponents. The sensor physics is based on Beer's Law where the amount of absorbed light 
is proportional to the reactant concentration (or partial pressure). The goal in designing 
this system was to obtain the best signal-to-noise ratio. Hence, the components were 
purchased with this in mind. As shown in Figure 3, the UV light source is generated 
using a 30 Watt deuterium lamp. The light is then chopped at a reference frequency, 
focused and filtered. The filter has a center frequency of 200 nm and a bandwidth of 
20nm. It is used to attenuate the visible light. The light is passed through the reaction 
chamber and hence through the gas mixture of the reactant and hydrogen. Here is 
where the desired absorption occurs. The remaining scattered light is then refocused 
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Figure 2: The upstream feedback control loop. The feedback sensor is the ultrasonic 
concentration monitor. The control actuators are teh input and dilustion mass flow 
controllers. The controller design goals include regulation of the desired concentration 
and rejection of the bubbler concentration disturbance. 

into the monochromator. The monochromator will be set to pass only one wavelength 
of light and is equipped with UV enhanced gratings. The monochromator must be lo- 
cated directly in front of the photomultiplier tube (PMT) detector in order maximize 
the dynamic range of the PMT as well as to protect the light sensitive optical com- 
ponents. The detector signal is amplified at the chopped reference frequency via the 
lock-in amplifier. This amplified signal is sampled with an A/D converter to be used 
in the digitally implemented control law. The control output is then reconstructed at 
the same rate with a D/A converter and is sent to adjust the flow rate of the injection 

MFC. 

This monitoring system is being assembled at present. Preliminary tests were performed 
to assist in the sensing system component selection. Figure 4 is a plot of the absorption 
spectra for TMG and TBP. Although these data were obtained with a sub-optimal 
hardware configuration (key components were not purchased at the time of the test), 
the absorption profiles are in excellent agreement with the literature [8, 13]. Other tests 
were performed to determine the best way to direct the light to and from the reactor. It 
was found that fiber optic cables strongly attenuated light in the UV range and therefore 
could not be used for light alignment. Alternatively, a system of UV-rated mirrors and 
lenses were tested and chosen to be the best method of light alignment. 

Figure 5 illustrates how the UV sensor will be used in the control loop. The sensor 
will measure concentration at the reaction chamber and will be combined with the 
flow measurement to control the injection MFC. The control goals include rejecting 

9   . 
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Figure 3: The ultraviolet absorption sensing system. The light is passed through the 
reaction chamber and hence through the gas mixture of the reactant and hydrogen. 
Using Beer's law, the reactant partial pressure is determined from the absorption signal. 
The wavelenghth range of interest is 180nm-230nm. 

the pure component flow disturbances and tracking the desired pure component flow 
trajectory. Recall that the pure component flow is the product of the total flow and the 
concentration of the reactant in that flow. This relationship is indicated in Figure 5 by 
the block containing "x". Assuredly, the traditional control objections will be obtained, 
such as preserving system stability and attenuating high frequency sensor noise. 

The remaining steps in this development include the following: 

• Obtain the optimal sensor configuration. 

• Sensor calibration. 

• Perform input/output experiments to identify the MOCVD process dynamics and 
to characterize the disturbances, which are all represented in Figure 5 in the 
dashed box entitled "Plant". 

• Enhance the current plant model based on the UV input/output data. 

10 
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Figure 4: Absorption spectra from a preliminary UV absorption sensing system. These 
curves were used to verify the absorption peaks. From these test, the wavelength band- 
widths of the sensor components were selected. The wavelengths measured include: 190, 

200, 210, 200, and 230 nm. 

• Design and implement a control system, closing the loop shown in Figure 5. 

• Evaluate the control system by growing test structures and performing post- 
growth material examinations such as X-ray diffraction and photoluminescence 
to independently verify the composition and thickness control performance. 

• Analyze both real-time and post-growth data to optimize the control loop. 

This downstream monitoring system was pursued first, over the RDS system, because 
it is deemed to be optically simplier. Furthermore, the UV loop is similar to the suc- 
cessfully implemented upstream ultrasonic loop because the control goal is to regulate 
the pure component flow. Since the upstream loop growth results were so promising, 
similar results are expected here. Finally, the UV monitoring system provides a means 
to improve the abruptness of device interfaces by measuring the transport transients 
and delay. For these reasons, the UV sensor will be the first downstream monitor to be 
implemented. 

11 
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Figure 5: The downsteam closed loop system using the UV sensor for feedback. The 
control inputs include the desired pure component flow, the measured concentration 
from the UV sensor, and the measured flow rate at the injection MFC. The control 
goals include pure component flow tracking in the presence of disturbances. 

Downstream Reflective-Difference Spectroscopy Sensor Control 

A third control system, based on reflective difference spectroscopy (RDS) information, is 
being investigated in order to control growth rate (thickness), as opposed to composition. 
As shown in Figure 6, a polarized light source is reflected from the growing surface 
and the relative reflectance difference of the light along the two principal axes of the 
reconstructed surface is measured. This sensor will provide real-time monitoring of 
the surface reconstruction and monolayer coverage of the growths. Currently, all the 
RDS components have been purchased. Tests on the individual components have been 
performed. The next step is to fabricate the entire sensor system. 

The closed loop control system using the RDS sensor is illustrated in Figure 7. As shown, 
the control inputs are the desired and measured growth rates. The control output is a 
switch command to the injection manifold. The goal here is to use the RDS growth rate 
information to obtain the desired thickness by regulating the desired growth rate in the 
presence of disturbances. Preliminary work on the growth model (in Figure 7) can be 
found in [12]. This work is based on the MOCVD growth models developed by [14]. 

The remaining steps in this development include the following: 

• Configure components and obtain a growth rate signal. 

• Characterize the RDS sensor dynamics, the growth system dynamics, and identify 
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Figure 6: The reflective-difference spectroscopy sensing system used to control growth 
rate (thickness). A polarized light source is reflected from the growing surface and 
the relative reflectance difference of the light along the two principal axes of the re- 
constructed surface is measured. This sensor will provide real-time monitoring of the 
surface reconstruction and monolayer coverage of the growths. 

the disturbances that perturb thickness. 

• Improve the existing plant model (components shown in Figure 7) and design a 
controller to obtain precise layer thickness. 

• Implement the controller and evaluate with post-growth tests. 

• Improve controller design based on the real-time data and post-growth evaluations. 
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Figure 7: The reflective-difference spectroscopy control loop. The control input is the 
measured growth rate from the RDS sensor and the control output is the time to switch 
the reactants at the injection manifold. The control goal is to track a growth rate 
command in the presence of pure component flow disturbances. 
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3    Equipment 

This section provides details on the equipment purchased under this grant. 
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3.1    Budget 

AlGalnP control 
hardware 

(new N capability) 

AlGalnP RDS system 

AlGalnP UV system 

InGaN UV system 

InGaN gas 
concentration system 

InGaN control 
hardware 

Total: 

Table for optics and cart for computer 
(Global Industrial Equipment) 

Analog/Digital boards (2 @ $895) 
National Instruments: AT-MIO-16-9 

Digital/Analog board 
National Instruments: AT-AO-10 

Digital Signal Processing Board 
National Instruments: DSP2200 (256K memory) 

Connection hardware 
Optical reaction chamber heater 
(Thomas Swan Ltd.) 

Computer for data analysis 

HeNe Laser (Oriel) 

Misc. optical components 
Photodetectors (various vendors) 

Misc. optical components 
Light source (Oriel) 

Monochromator (Oriel) 

Monochromator interface (Oriel) 

Lock-in amplifier (EG&G/PARC) 

Photodetectors (various vendors) 

Light beam chopper (Oriel) 

Misc. optical components 
Epison II gas composition analyzer 
(Thomas Swan Ltd.) 
Epison II closed loop option 
Epison II RS232 communications option 
Minisons (x 2) 
Control & acquisition computer 
Pentium (100MHz) 

Analog/Digital boards (2 @ $895) 
National Instruments: AT-MIO-16-9 

Digital/Analog board 
National Instruments: AT-AO-10 

Digital Signal Processing Board 
National Instruments: DSP2200 (256K memory) 

Connection hardware 

GPIB board 
National Instruments: AT-GPIB/TNT 

16 

1,000 

1,790 

1,170 

2,515 

600 
9,400 

3,500 

400 

2,000 
800 

2,000 
5,000 

3,100 

1,300 

3,600 

800 

1,100 

2,000 
14,500 

750 
225 

4,800 
2,500 

1,790 

1,170 

2,515 

600 

500 

$71,425 



3.2    Description of Acquired Hardware 

AlGalnP Control Hardware 

1. Work Bench, Power Riser, 30x48 Industrial Cart, Drawer with Lock, Four Outlet 
Electrical Strip 
Global Equipment Company 
919.75 (88.00) 
The work bench is in the MOCVD clean room across from the MOCVD reactor 
and is used to hold one computer for control, one computer and printer for data 
analysis, and the majority of the optical equipment. The industrial cart is used 
to transport the control computer and various optical equipment to and from the 
clean room. It is more convenient to do most preparation would in a lab other 
than the clean room. 

2. AT-MIO-16XE-50 + NI-DAQ (Quantity 2) 
National Instruments 
1,791.00 
These two multifunction boards together have 32 analog inputs and 4 analog 
outputs. The boards are installed in one computer and support the digital imple- 
mentation of a controller system for the AlGalnP MOCVD system. 

3. AT-AO-10 
National Instruments 
1,165.50 
This analog output board has 10 output channels and is used in the digital control 
implementation of the AlGalnP MOCVD system. 

4. AT-DSP2200 
National Instruments 
2,515.50 
This is a 16-bit analog input and 16-bit analog output DSP accelerator board (256 
Kword) and supports the AlGalnP digital control implementation. 

5. (1 m) 68 to 50 Pin Shielded Cable Assembly (Quantity 2) 
National Instruments 
225.00 
Connection hardware to control boards. 

6. (1 m) 50 Pin Ribbon Cable 
National Instruments 
27.00 
Connection hardware to control boards. 

7. Surge Protectors (Quantity 2) 
Newark 
36.44 
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Used to protect the control computer and the data acquisition computer in the 

clean room. 

8.. 15 Volts Power Supply (Quantity 2) 
Newark 
31.94 
Used to power the op-amps in the analog anti-aliasing niters, located before the 
analog-to-digital converters. 

9. Isolated BNC Bulkhead Connectors (Quantity 4) 
Newark 
42.80 
These BNC connectors are installed in the back panel of the AlGalnP reactor. 
They are used to bring signals to and from the reactor deck while preserving the 
reactor deck seal. As an example, both the photomultiplier tube and the chopper 
are located on the deck. These instrument signals are sent, via the bulk head 
connectors, to the lock-in amplifier, which is located on the work bench. 

10. (6 Ind. Pair) Shielded Cable 
Newark 
260.26 
The cable is used to interface between the control computer and the MOCVD 

sensors and actuators. 

11. (13in x 17in x 3.5inj Rack 
Newark 
141.52 
This rack fits into the AlGalnP 19in rack and houses anti-aliasing filters, the 
Epison analog controller and several connector blocks. It is located near the 
MOCVD sensor and actuator connections. 

AlGalnP RDS System 

1. Optical Reaction Chamber Heater 
Thomas Swam Ltd. 
9,000.00 
The reaction chamber had to be modified, in order to perform reflective-difference 
spectroscopy on the growing sample. The modifications included a new reactor 
and heater. This purchase is the heater contribution, and the new reactor came 

from another funding source. 

2. Power MAC 7500/100, Apple 15in Display, Apple Design Keyboard, MicroPrint 

Ethertalk 
Machintosh (supplier: UCSB Bookstore) 
2860.04 
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This computer is housed in the clean room and is used extensively during ex- 
periments to analyze data. The convenient location for data analysis expedites 
progress. In addition, during the slow time of an experiment, for example in grow- 
ing a two hour layer, the grower can not leave the clean room. During these times, 
further analysis and writing is performed in the clean room on this computer. 

3. LaserWrite Select 360, MAC printer cable (10 ft) 
Machintosh (supplier: UCSB Bookstore) 
1056.88 
This laser printer is housed in the clean room. 

4. Red Self-Contained Helium Neon Laser 
Melles Griot 

. 234.74 
The helium neon laser is used for alignment of the optical components, such as 
mirrors, lenses, polarizers, and the monochromator. In addition, the laser can be 
used as the source light in the RDS system. 

5. Plate 
Oriel 
127.00 
Used to support optics. 

6. (6 in) Rod and Rod Holder (Quantity 2 each) 
Oriel 

.    112.00 
Used to align optics. 

7. Carrier 
Oriel 
84.00 
Used to adjust optics. 

AlGalnP UV System 

1. Photomultiplier Tube with housing and amplifier 
Hamamatsu Corporation 
1055.27 
This photomultiplier tube can measure both UV and visible light. It will be used 
in both AlGalnP and InGaN UV experiments. If appropriate, then another PMT 
will be purchased. 

2. 12 Volt Power Supply 
Newark 
14.45 
The 12 volt supply is used to power the photomultiplier tube. 
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3. Tube Holder 
Oriel 
201.00 
The tube holder will clamp around the PMT housing, enabling alignment and 
support with the monochromator. 

4. (40mm, 80mm, 150mm, 300mm) Mounting Posts (Quantity 1 each) 
Melles Griot 
56.00 
Used to align optics. 

5. Post holder (Quantity 2) 
Melles Griot 
44.00 
Used to align optics. 

6. Complete Simple Beam Steerer 
Melles Griot 
315.01 
This simple beam steerer is used to change the direction and height of the light 
from the lamp. 

7. X-Y Movable Holes 
Oriel 
97.00 
This interface plate is used to support and adjust optics. 

8. Large Table Base 
Oriel 
103.54 
This base plate is used to support optics. 

InGaN UV System 

1. No Ozone D2 Lamp and socket adapter 
Oriel 
440.00 
The D2 lamp is an excellent source of ultraviolet light and will be used as the light 
source in all UV absorption experiments. With the socket adapter, this lamp will 
fit into a previously purchased lamp housing. 

2. D2 Power Supply 
Oriel 
1589.00 
This power supply is used to drive the D2 lamp. 
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3. Monochromator Housing 
Oriel 
1397.33 
The monochromator will be located just before the photomultiplier tube and is 
used to obtain a single wavelength of light. The photomultiplier tube will be 
damaged if exposed to high energy levels of light. For this UV application, the 
light wavelength range of interest is between 180-230 nm. 

4. UV Monochromator Gratings (Quantity 2) 
Oriel 
492.00 
These monochromator gratings minimize UV attenuation and are installed in the 
monochromator when selecting a single wavelength in the UV range. 

5. Monochromator Variable Slit (Quantity 2) 
Oriel 
964.00 
The variable slits are located at the inlet and outlet of the monochromator and 
allow for light beam adjustment. 

6. Monochromator Stepper Motor Drive 
Oriel 
499.00 
The monochromator stepper motor enables the adjustment of monochromator 
wavelength from a computer driver. This is extremely useful during growth be- 
cause the monochromator may be located on the reactor deck, which is sealed and 
hence unreachable during an experiment. Additionally, for some UV experiments 
the measurements will require the computer driver to quickly toggle between sev- 
eral wavelengths. 

7. Monochromator Stepper Motor Drive Controller 
Oriel 
1306.00 
The controller is used to drive the monochromator stepper motor as described 

above. 

8. 5209 Single-Phase Lock-In Amplifier 
EG&G Instruments 
4085.44 
The lock-in amplifier is the key component in obtaining a good signal-to-noise 
ratio of the UV absorption signal. The UV light source is chopped at a frequency 
that the lock-in amplifier detects.   Consequently, the chopped light is the only 
component of all light detected by the PMT tube that is amplified by the the 
lock-in. 

9. Open Chopper 
Oriel 
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1091.00 
The open chopper is used to chop the light beam at a desired frequency thereby 
providing a modulated light signal for the lock-in amplifier to detect. 

10. 40 Apt. Chopper Wheel 
Oriel 
70.00 
This chopper wheel allows for a maximum chop rate of 4000 Hz. 

11. UV Range Bi-Convex Lens Set 
Oriel 
708.00 
These lenses have symmetric surfaces and are used to focus the UV light into the 
monochromator. This set contains five lenses, each for a different focal length. 

12. UV Range Convex Lens Set 
Oriel 
555.00 
These lenses are used to collimate the diverging light from the D2 lamp. This set 
contains five lenses, each for a different focal length. 

13. Optical Holders (Quantity 3) 
Oriel 
192.00 
The optical holders support the lenses described previously. 

14. UV Gloves 
Oriel 
27.00 
The UV gloves protect the hands from harmful UV rays while adjusting and 
aligning equipment with the lamp on. 

15. UV Filter 
Oriel 
475.00 
The UV filter has a center frequency of 200 nm with a bandwidth of 20 nm. The 
filter is used to attenuate the visible light from the D2 lamp. 

16. UV Filter Holder 
Oriel 
70.00 
Supports.the UV filter. 

17. Lab Jack 
Melles Griot 
845.70 
The lab jack supports the D2 lamp and is used to adjust the light source to the 
height of the reactor. 
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18. (1 in thick) Plate 
Melles Griot 
175.00 
This plate will be mounted on the lab jack to support optical components that 
are aligned with the D2 lamp. 

19. ÜV Coated Mirrors 
Melles Griot 
144.58 
The mirrors will be used to direct the UV light beam. 

20. Gimbal Mirror Mount (Quantity 2) 
Melles Griot 
762.00 
The gimbal mirror mounts are used to align the UV mirrors. These mounts are 
compatible with a previously Melles Griot purchased beam steerer. 

InGaN Gas Concentration System 

1. Epison II Gas Composition Analyzer 
Thomas Swan Ltd. 
14,500.00 
The Epison II is an ultrasonic concentration sensor and is used in the real-time 
control of growth. Specifically, this sensor is used to monitor the concentration of 
TMI (trimethlyindium). TMI is the only solid precursor, the others are liquids, 
and hence has been shown to have the greatest concentration fluctuations, as the 
solid precursor depletes. 

2. Epison II Closed Loop Option 
Thomas Swan Ltd. 
750.00 
The closed loop option allows the grower to use the Epison concentration monitor 
in a closed loop fashion, where the sensed concentration information is used to 
adjust the input carrier flow rate, in order to regulate the pure component flow. 

3. Epison II RS232 communications option 
Thomas Swan Ltd. 
225.00 
The RS232 connection provides a means for communicating with the remote com- 
puter system at the Epison. These signals are of interest because they will be 
overriding the control commands from the main growth computer system. 

4. Minisons (Quantity 2) 
Thomas Swan Ltd. 
4,800.00 
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The Minison is a less expensive and less accurate measurement of the concentra- 
tion of a precursor. For the InGaN system, these two concentration sensors are 
located on the TMG (trimethlygallium) and TMA1 (trimethlyaluminum) lines, 
respectively. 

InGaN Control Hardware 

1. Pentium 100 MHz, 15 in Monitor 
Inteva (supplier - Insight Direct Inc.) 
2158.00 (252.44) 
This control computer supports the InGaN digital control implementation. 

2. 3COM PCI Combocard 
3Com (supplier - Insight Direct Inc.) 
159.00 
This ethernet link expedites the transfer of large data files from the clean room 
computer to the Identification and Control Laboratory computing facilities. 

3. Tapebackup 
Backpack (supplier - Insight Direct Inc.) 
179.00 
The tape back-up is used to store data. Since there are over 40 signals available 
per run, the data storage is quite extensive. 

4. AT-MIO-16XE-50 + NI-DAQ (Quantity 2) 
National Instruments 
1,862.25 
These two multifunction boards have together 32 analog inputs and 4 analog 
outputs. The boards are installed in one computer and support the digital imple- 
mentation of a controller system for the InGaN MOCVD system. 

5. AT-AO-10 
National Instruments 
1,165.50 
This analog output board has 10 output channels and is used in the digital control 
implementation of the InGaN MOCVD system. 

6. AT-DSP2200 
National Instruments 
2,515.50 

.This is a 16-bit analog input and 16-bit analog output DSP accelerator board (256 
Kword) and supports the InGaN digital control implementation. 
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7. Connector Block (Quantity 3) 
National Instruments 
297.00 
Connection hardware to control boards. 

8. (1 m) 68 to 50 Pin Shielded Cable Assembly (Quantity 2) 
National Instruments 
225.00 
Connection hardware to control boards. 

9. (2 m) 50 Pin Ribbon Cable 
National Instruments 
38.00 
Connection hardware to control boards. 

10. RTSI Bus Cable 
National Instruments 
36.00 
Connects all National Instruments boards together for faster control implementa- 
tion. 

11. External GPIB Controller for PC Parallel Port 
National Instruments 
648.00 
The GPIB board is used to control equipment that does not need to change in real- 
time, but is located on the reactor deck and thus required a computer driver rather 
than manual control. Typical instruments include the monochromator wavelength, 
the chopper frequency, and the lock-in amplifier settings. 

12. (2 m) GPIB cable 
National Instruments 
72.00 
Connects GPIB controller to PC and experiment. 

13. LabVIEW Upgrade 
National Instruments 
191.75 
Controller software coding environment for the National Instruments boards. 

14. Surge Protectors (Quantity 1) 
Newark 
18.22 
Used to protect the control computer in the clean room. 
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4    Summary and Conclusions 

Pure component flow control has been shown to improve both the composition and 
thickness properties of the device growth by using an upstream ultrasonic concentration 
signal feedback. Both [1] and [2] describe the success of this preliminary pure component 
flow control system, where the former is addressing a control theory reader and the 
latter, a crystal growth reader. In this control scheme, the controller objectives were 
nominal pure component flow regulation and disturbance rejection, remembering that 
the pure component flow is the product of component concentration and total flow. The 
controller input was the concentration monitor and the controller output dynamically 
adjusted the injection MFC set point (both sensor and actuator are shown in Figure 1). 

In order to evaluate the effectiveness of the controller, two alloy structures were grown 
using the same growth recipe. The first structure was grown under open loop condi- 
tions and the second under closed loop conditions. The structure grown consisted of 
alternating layers of InP (indium phosphide) and GalnAs (gallium indium arsenide) , or 
more specifically, a 5-period Gao.47Ino.53As/InP (3000 Ä/200 Ä) superlattice. Further 
details of these test growths are described in [2]. A superlattice structure was chosen 
for several reasons. First, the multilayers investigate composition at defined stages of 
growth. Second, the superlattice nature acts as a probe to examine both the thickness 
and composition reproducibility from layer to layer [3]. After the growths, both the 
open loop and closed loop sample composition and thickness were investigated using X- 
ray diffraction techniques. As shown in [2], the X-ray results strongly indicated that the 
closed loop system obtained the target solid composition and thickness in the GalnAs 
layers far better than the open loop system. 

The details of the controller implementation are discussed in [5]. The preliminary con- 
troller structure consists of a low-pass filter and static inversion of the concentration 
signal. The inversion is simply a division of the optimal pure component flow rate 
(PCFopt), as required for the proper growth, by the concentration signal (Cmeo*)- The 

' controller output, therefore, is the injection mass flow rate set point (Fset) that satisfies, 

PCFopt = Cmeaa x Fset- 

Further pure component flow control, with the UV feedback, will significantly aid the 
transition of MOCVD techniques from the laboratory to commercial development. Im- 
plementation of the RDS based control scheme will lead to precision control of scale 
in the growth direction, ultimately improving the more advanced commercial applica- 
tions. Both of these applications require the modeling of the downstream gas delivery 
dynamics and the actual growth. A preliminary growth model is discussed in [12]. 

Devices which could immediately benefit from both UV and RDS feedback include 
LEDs, high electron mobility transistors, resonant tunneling devices, and quantum well 
laser diodes. Of these devices, the blue light sources are of great interest because the 
whole visible spectrum can be realized with AlGalnP and the nitrides.   This brings 
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the prospect of an extremely low power consumption white light source using MOCVD 
technology. The control processing improvements will also further the capabilities in 
high speed computing and telecommunications. 

Closed-loop control also has benefits for MOCVD semiconductor manufacturing pro- 
cesses by providing good reproducibility and thereby allowing for additional flexibility. 
Production lines may be stopped and the restarted as the market demands vary, because 
the control systems will compensated for any plant changes that occurred during the 
switch-over. Both pre-calibration and bubbler warm-up procedures can be significantly 
reduced or eliminate in a closed-loop system. This leads to large savings in processing 
time, labor, and source materials. It may also be possible to compensate for some level 
of MOCVD system component degradation which will allow yields to remain high. 
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Improved Composition and Thickness Control of III-V Epitaxy in a 
Metalorganic Chemical Vapor Deposition Process 
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Casper M. Reavesf and Steven P. DenBaars* 

Abstract 

Metalorganic chemical vapor deposition (MOCVD) 
is a promising technology for the fabrication of high 
speed electronic and opto-electronic devices. Com- 
mercial application of this technique is limited by a 
high degree of process variance. This paper describes 
work in progress on the development of a closed loop 
MOCVD facility for GaAs device fabrication. Crit- 
ical system disturbances, which degrade the growth 
rate uniformity and reproducibility, and subsequent 
device performance, are identified. A control system 
is designed and implemented to regulate the supply 
of gallium to the reactor. The controller performance 
is investigated by growing GalnAs/InP superlattices. 
Post-growth tests clearly illustrate that the compen- 
sated samples have better precision in alloy composi- 
tion and thickness. 

1    Introduction 

Metalorganic chemical vapor deposition (MOCVD) 
has become a common method for performing com- 
pound semiconductor epitaxy. However, it currently 
suffers from lack of in situ process control which 
causes a lack of precise reproducibility. Precise con- 
trol of the compositions and growth rates will allow 
the construction of a number of high performance III- 
V semiconductor devices. These include electron mo- 
bility transistors [1], resonant tunneling devices [2, 
p. 278] and quantum-well laser diodes [3]. These de- 
vices require precise monolayer level control of the 
scale in the growth direction. 

MOCVD technology has also been used to fabricate 
high brightness light emitting diodes (LEDs) using 
AlGalnP based devices [4]. The (AlxGai_x)0.5InG.5P 
quaternary alloy is lattice-matched to GaAs and is 
a direct bandgap semiconductor in the compositions 
range 0 < x < 0.7 (approx.). This corresponds 
to bandgap energies (emission wavelengths) in the 
range 1.9eV (650nm) to 2.2eV (560nm) resulting in 
high-brightness red and yellow LEDs, with efficiencies 
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CA 93106 (gafmey®ruapehu.ece.ucsb.edu) 
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an order of magnitude greater than conventional de- 
vices. Including nitride material systems (as in GaN, 
GajJni-xN, and AlxGai_xN [5]) opens the possibil- 
ity of developing blue (450nm) and ultraviolet wave- 
length sources. 

There has been a significant increase in interest in 
the control of semiconductor process within the con- 
trol community. For example, see the recent work on 
rapid thermal processing [6, 7, 8], reactive ion etch- 
ing [9, 10], and plasma deposition [11]. The control 
issues that arise depend strongly on the characteris- 
tics of the process under consideration. Typical issues 
are: the development of in situ sensors, disturbance 
characterization, and control motivated system mod- 
ifications. The work presented here addresses these 
issues for a research scale MOCVD process. 

2    MOCVD Technology 

In MOCVD growth of III-V semiconductors, a 
column III alkyl source, such as trimethylgallium 
(TMGa), is mixed in the vapor phase with an 
organometallic column V source, such as tertiary- 
butylarsine (TBAs), and the reactants are simultane- 
ously injected into the growth chamber where they 
thermally decompose to form single crystal layers. 
The substrate in the reaction chamber is held at a 
controlled temperature, typically in the range 500 to 
750 °C. In this range the growth rate is determined 
primarily by the component mass transport, rather 
than the reaction kinetics. Under these conditions 
we can make the following assumptions: the incorpo- 
ration of column III atoms is dependent solely on the 
amount of column III source vapor introduced into 
the reactor cell; column III precursor molecules are 
fully decomposed; and column V source vapor is sup- 
plied in excess and does not impact growth rate or 
alloy composition [12]. Under these assumptions the 
solid alloy composition and growth rate depend, to 
first order, on the amount of column III source vapor 
and the growth rate and alloy composition are linear 
functions of vapor compositions. 

The UCSB MOCVD facility uses a Thomas Swan 
(U.K.) built reactor, an ultra-fast gas switching 
manifold and an Epison ultrasonic cell concentra- 
tion monitor. The column III and the column 
V organic source materials (which include tertiary- 



butylarsine (TBAs), tertiarybutylphosphine (TBP), 
trimethylgallium (TMGa), trimethylindium (TMIn), 
and trimethylaluminum (TMA1)) are stored in solid 
or liquid phase and are kept in a temperature and 
pressure controlled environment. A hydrogen bub- 
bler system generates the gaseous components. This 
has significant safety advantages over the more com- 
mon gaseous sources but introduces additional dis- 
turbances due to gas bubbler dynamics. 

The separate gases are mixed in an injection man- 
ifold, then sent to the growth chamber to thermally 
decompose onto the substrate. A fast switching man- 
ifold prevents dead spaces and the premature compo- 
nent reactions, leading to interfaces with the desired 
abruptness. Gas molecules in the chamber diffuse 
through a stagnant layer to the substrate which then 
decompose on the surface. Products of the decompo- 
sition move over the surface until they find available 
lattice sites where they are incorporated into the lat- 
tice [13, p. 135]. The susceptor is under tight temper- 
ature control (via IR lamps) to provide uniform film 
composition and thickness across the substrate. The 
growth conditions at UCSB include a 500 to 750 °C 
substrate temperature, atmospheric reactor pressure 
and 2.8 to 10 Ä/s growth rates. Device specific pa- 
rameters, such as layer thicknesses, and source flow 
rates, can be found in [14, 15, 16]. 

3    A Control Problem 

We discuss the more important regulation situations 
in the MOCVD facility, listed in the order of occur- 
rence in the process. A schematic overview of the 
process for a single source is shown in Figure 1. The 
source baths are under both temperature and pres- 
sure control to provide for a constant evaporation rate 
from the source chemical. In addition, the source con- 
centration is regulated by three mass flow controllers 
(MFC1, MFC2, and MFC3). This paper addresses 
the regulation of pure component flow (PCF) rate, 
which includes the concentration regulation problem 
as a subproblem. 

From the bubbler system, the reagent gases flow 
through pipes heated to maintain the reagent gas va- 
por phase and prevent pipe deposits and clogging. 
There is a complex system (not shown in Figure 1) 
involving bypass lines, make-up lines, and a differen- 
tial pressure controller, to maintain a constant flow 
out of the bubbler system, and a constant pressure 
in the reactor. The valve switching associated with 
this system causes transient flow (and growth) dis- 
turbances which can be as short as 0.2 s [14]. 

The reactant susceptor is under strict temperature 
control to ensure uniformity of deposition across the 
wafer. Uniformity in not a severe problem in this 
reactor as the substrate is only 2 cm2 in size. 

MMtOowcaiffollen: MFC1.MFCZMFC3 
Prawn controller:     PCV1 
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Figure  1:    Simplified schematic  overview  of the 
MOCVD process for one source (TMGa) 

Regulation of the PCF rate was selected as the first 
control problem to address for the following reasons. 
The primary performance requirements are precise 
device composition and thickness. Composition can 
be controlled (to first order) by the PCF and thick- 
ness can be controlled (to first order) by the rate of 
growth—related to PCF rate and other growth pa- 
rameters. A simplified explanation of the composi- 
tion and thickness effects on device performance is 
as follows. A typical III-V device, for example a 
quantum-well laser, is made up of different hetero- 
layers of material, starting with the substrate that 
has a certain lattice constant. Each subsequent layer 
grown is lattice matched to the substrate lattice con- 
stant. If lattice mismatch occurs, the resulting strain 
can cause a dislocation, leading to severe degrada- 
tion of the electrical or opto-electrical properties of 
the device. During a growth, different heterolayers 
are deposited, each with a toleranced thickness and a 
toleranced composition. To obtain the required com- 
position for lattice-matching, for example the quater- 
nary alloy (AlxGai_x)o.5lno.5P is lattice-matched to 
GaAs, the pure component flow of each column III 
precursor must be regulated. 

In addition, device performance also depends upon 
the layer thickness. This is particularly true in 
quantum-well layers, which define the device band 
gap energy, for devices such as 632.8 nrri red LEDs 
and 1.55 /«n quantum-well lasers. In multiple 
quantum-well lasers, distributed Bragg reflectors and 
microcavity LED's, variations in layer composition 
or thickness, will severely compromise device perfor- 
mance [17]. 

While composition control is primarily a PCF con- 
trol problem, thickness control is a more difficult 
growth rate problem. However, the results reported 
in this work strongly indicate that controlling the 
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Figure 2: Daily variation of TMIn concentration 

PCF of the column III precursors will, to a large de- 
gree, regulate the growth rate as well as the com- 
position. Previous work on feedback control of PCF 
is reported in [18]. In a materials research environ- 
ment, obtaining precise composition and thickness 
takes precedence over obtaining precise uniformity 
across the wafer. Nevertheless, uniformity is still con- 
sidered important and is addressed with the susceptor 
temperature loop previously mentioned and with the 
reactor design itself. 

4    PCF Control Issues 

The PCF rate is the product of the precursor concen- 
tration and the corresponding mass flow rate into the 
reactor. This mass flow consists of both the precur- 
sor vapor and the carrier gas, and is termed the total 
flow (for one source line). PCF expresses the amount 
of gas injected as a volume—partial pressure or the 
number moles injected are equivalent measures. In a 
typical facility the PCF rate is adjusted to the desired 
concentration (according to a device growth recipe) 
in an open-loop manner by setting the source con- 
centration 'and mass flow rate independently, before 
growth. Source concentration fluctuations therefore 
act as disturbances to the desired PCF. 

The PCF regulation system for a single source in 
the UCSB MOCVD facility is shown in Figure 1. 
The mass flow controllers MFC3 and MFC2 set 
the hydrogen entering the bubbler and the hydro- 
gen/component dilution respectively. The pressure 
controller PCV1 maintains a desired bubbler pres- 
sure, allowing for repeatable mixing of the source va- 
por and the hydrogen carrier. The MFC2, MFC3, 
and PCV1 set points provide a desired source con- 
centration and are adjusted only rarely. 

Figure 3: Concentration variation of TMGa during a 
run 

The mass flow controller MFC1 regulates the mass 
flow rate into the reactor and is used as the primary 
control of the PCF. This MFC1 set point is typically 
adjusted open-loop during the pre-growth set-up pro- 
cedure to give the desired PCF (measured by using 
the ultrasonic concentration monitor). 

The daily variation of a column III source (TMIn) 
is illustrated in Figure 2. The concentration decreases 
approximately 0.01 % in seven months, and increases 
in variability as the source depletes. Disturbances 
over this time scale are compensated for by a lengthy 
pre-growth calibration procedure. Feedback control 
of PCF will reduce the need for (and/or duration of) 
such a procedure. 

Concentration disturbances are significant during a 
growth run. Figure 3 illustrates the percent concen- 
tration of TMGa flowing in hydrogen during a typical 
growth run. The target concentration of 0.316 % was 
preset according to the growth recipe. The deviation 
from this set point will have a detrimental effect on 
the growth of the structure between layers, or within 
a single layer. 

The faster disturbances are due to the bubbler 
dynamics. A slower drift in concentration is also 
evident—it typically increases, during a run, at a rate 
of 1 x 10-5 % (by volume)/s. Experiments that dis- 
tinguish between the bubbler drift disturbances and 
the Epison sensor noise are reported in [19]. 

On-line feedback control is required to compen- 
sate for disturbances on this time scale. Although 
a change in concentration of 0.001 % corresponds to 
approximately 150 ppm (0.015 %) error in the lat- 
tice matching and under 1000 ppm is still considered 
by growers to be lattice matched, the cumulative er- 
ror in all the sources can cause lattice mismatch and 



dislocations to occur. 
Closed loop control of the PCF will, not only 

streamline the growth procedure for manufacturing 
purposes by reducing or eliminating pre-calibration, 
but will also improve the accuracy of the device com- 
position and the precision of the layer thickness. 

5    PCF Based Control 

A block diagram of a single gas loop model for PCF 
control is illustrated in Figure 4. The growth recipe 
specifies the time period for flow based on growth rate 
estimates. The nominal PCF is corrupted by the con- 
centration and flow disturbances discussed previously. 

The controller input is the product of the concen- 
tration measurement and the mass flow rate measure- 
ment. The Epison monitor measures the speed of 
sound of the input binary gas mixtures and deter- 
mines the gas concentrations. The Epison sensor in 
the UCSB MOCVD reactor was installed for open- 
loop precalibration of the gases and is located in a 
bypass line. This has the disadvantages of introduc- 
ing a measurement delay (approximately 2 s), and 
allowing the measurement of only a single gas at a 
time. As a result of this work, the next generation 
MOCVD reactor, currently under construction, will 
have in-line concentration sensors for both TMGa and 
TMIn sources. For system analysis and simulation 
purposes, the Epison sensor was modeled as a 2 Hz 
first order lag, cascaded with a 2 s time delay. 

The mass flow measurement is taken from the 
MFC1 local loop, which senses flow rates in the 0 
to 100 seem (standard cubic centimeters per minute) 
range. Direct measurement of the PCF is not 
possible—we reconstruct it from concentration and 
flow measurements—hence the term observed PCF. 
Actuation is accomplished through the set point of 
MFC1. For analysis purposes, the MFC1 local loop 
is modeled as a 1 Hz, first order lag. 

The controller implementation uses the concentra- 
tion measurement as an input and the nominal MFC1 
flow set point as an output. This is a preliminary 
strategy that was first investigated for TMIn [18]. 
Later designs will incorporate the mass flow measure- 
ment as an additional controller input. The initial 
experiments reported below used a static controller. 
The controller output is a mass flow rate set point, 
Fset, that satisfies, PCFnom = Cmea8 x Fset, where 
PCFnom is the PCF specified by the growth recipe 
and Cmeas is the Epison concentration measurement. 

6    Experiments and Results 

A multilayer structure was designed and grown to 
evaluate the effectiveness of the feedback control sys- 
tem.   After growth, the composition and thickness 
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Figure 4:  Model diagram for pure component flow 
control 

variations were investigated using X-ray diffraction 
(XRD) techniques, which are described later. The 
structure grown (illustrated in Figure 5) consisted of 
alternating layers of InP and Gain As, which exhibited 
the behavior of a 4-period GalnAs/InP (3000 Ä/200 
A) superlattice. The nominal layer thicknesses and 
growth times are shown in the figure. The multi- 
layer feature of the structure allows the investigation 
of composition at defined stages of growth. The su- 
perlattice nature acts as a probe to examine both the 
thickness and composition reproducibility from layer 
to layer [13]. The GalnAs layer thickness was chosen 
to give a sufficiently strong X-ray diffraction signal 
from each layer, without significantly attenuating the 
signal from lower layers. The structure was grown un- 
der both open loop and closed loop conditions. The 
controller regulates only the pure component flow of 
TMGa, so even with closed loop control, disturbances 
in the other (open-loop) sources can corrupt the com- 
position of the alloy. 

The experimental growth begins with the 1000 Ä 
InP buffer layer, which was grown at a faster rate 
than the subsequent layers. The five GalnAs layers 
were grown to be nominally 3000 Ä thick at a target 
growth rate of 14 A/s. The 200 A InP spacer layers 
were grown with a nominal growth rate of 2.7 A/s. 
The reactor pressure was 760 Torr and the sample 
temperature was 645 °C. The substrates were epi- 
ready InP (100), Fe doped, with a 2 degree vicinal 
misorientation. For these experiments, the desired 
Ga^Ini-rAs composition is x = 0.47. 

For our growth conditions, a TMGa concentration 
of approximately 0.192 % (by volume) is injected at 
a flow rate of 90.6 seem, giving a TMGa pure compo- 
nent flow rate of 0.174 seem. This is equivalent to a 
molar flow rate of 7.8 x 10~6 moles per minute and an 
injected partial pressure of 24.7 x 10~3 Torr. Under 
these growth conditions, the lattice matching error 
band is approximately ± 1000 ppm.   Exact lattice 
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Figure 5: Experimental growth structure 

matching is not desired in order to obtain two com- 
position peaks in the X-ray diffraction data. Hence, 
the growth formula was not tuned to obtain a smaller 
error band. 

Samples were measured with a double-crystal X- 
ray diffractometer using Cu Ken radiation and (004) 
reflection. The XRD technique involves pointing a 
single wavelength X-ray source at the sample at some 
incident angle and measuring the diffracted X-ray 
count. The sample is rocked to vary the angle of inci- 
dence and at critical angles of incidence constructive 
interference (as predicted by Bragg's law) is observed. 
The plot of X-ray count versus rocking angle is known 
as a rocking curve. 

If the desired structure grown was a (Ga^Ini-^As) 
layer on an InP substrate, one would expect two peaks 
in the rocking curve, the first for the InP lattice and 
the second for the GalnAs lattice. A full-width, half- 
maximum parameter is used to characterize the qual- 
ity of the substrate or growth layer crystal lattice. A 
smaller width implies a more accurate composition. 

The relative angle between the substrate and layer 
peaks can be used to determine the lattice mismatch, 
which can then be related to the desired composition 
to verify the alloy molar breakdown. 

In multilayered structures (as grown here) higher 
order constructive interference patterns generated by 
the lower layers show up as satellite peaks on the rock- 
ing curve. In superlattice structures, the presence of 
satellite peaks is used as a measure of high crystalline 

quality where both the thickness and composition of 
the periods are precisely repeated. 

Figure 6 shows the rocking curves from both open 
and closed loop growths of the test structure. The 
compensated growth contains eight orders of well- 
defined satellite peaks [19], indicating a significant 
growth and device quality improvement. The satel- 
lite peaks in the closed-loop plot indicate that both 
the thickness and composition of the GalnAs layers 
were well regulated. The improved composition con- 
trol is also evident from the reduced width of the 
main, closed-loop GalnAs lattice peak (note that it 
is corrupted by the convolution with satellite peaks). 
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Figure 6: (Log) X-ray diffraction rocking curves for 
open- and closed-loop growths in normal operation 

7    Discussion 

The PCF control scheme has been shown to improve 
both the composition and thickness properties of the 
device growth by using a concentration signal feed- 
back. We have demonstrated that closed-loop con- 
trol can significantly improve individual device qual- 
ity. Closed-loop control also has benefits for MOCVD 
semiconductor manufacturing processes by allowing 
for additional flexibility. Both pre-calibration and 
bubbler warm-up procedures can be significantly re- 
duced or eliminate in a closed-loop system. This leads 
to large savings in processing time, labor, and source 
materials. It may also be possible to compensate for 
some level of MOCVD system component degrada- 
tion which will allow yields to remain high. An ex- 
ample of this scenario (using a TMGa temperature 
bath degradation) was illustrated in [19]. 

We note that the major difficulties in controlling 
this process do not arise from control design method- 



ology issues — a simple static nonlinear controller 
was effectively used here. The technological issues 
to be addressed are: control related modeling of the 
process; model based sensing and sensor characteriza- 
tion; disturbance characterization; control effective- 
ness quantification in terms of device performance, 
and control motivated reactor design modifications. 
Our current, and future, work addresses these issues. 
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Abstract 

A procedure for developing a real-time automated control system for improving 

epitaxial growth of semiconductors is presented and applied to GalnAs growth by 

metalorganic chemical vapor deposition. Vapor concentration variations of the gal- 

lium source are identified as a primary disturbance. An analog control system that 

regulates the supply of gallium is designed and implemented. Key issues in the con- 

troller synthesis are outlined. The controller performance is investigated by growing 

GalnAs/InP superlattices. Results of growths performed under normal operating con- 

ditions and also under large perturbations are presented. These results include X-ray 

diffraction from the samples as well as real-time data from the concentration monitor 

and the flow measurement. High quality superlattices that display up to eight orders 

of satellite peaks are obtained under closed loop control, demonstrating improved layer 

to layer reproducibility of thickness and composition. 



1    Introduction 

1.1    Background 

As the requirements for semiconductor materials and devices become more demanding, tech- 

nologies involved in the processing must improve their ability to create predictable and re- 

producible structures. To facilitate this, there have been recent efforts in developing sensors 

and control system methodologies for semiconductor processing. Rapid thermal processing 

[1,2], reactive ion etching [3, 4], and plasma deposition [5] are three such processes where a 

number of parameters have significant effects on the sample quality. The control issues that 

arise depend strongly on the characteristics of the process under consideration, but typically 

include issues of disturbance characterization, sensor development, and control-motivated 

system modification. 

Recently, these control issues have been explored for the epitaxial growth of semiconduc- 

tor layers. Crystal growth technologies, such as metalorganic chemical vapor deposition 

(MOCVD), require the ability to control composition and layer thickness to high accuracy 

for device applications such as distributed Bragg reflectors [6], microcavity LED's [7], and 

high mobility layers [8]. With most growth techniques there are a number of parameters 

which affect the quality of the semiconductor material; these parameters are difficult, if at 

all possible, to'directly monitor and control. A primary objective of the work herein is to 

determine the cause of and compensate for disturbances in these parameters. Some param- 

eter disturbances exhibit fast time constants that fall within the duration of a single run. 



These disturbances may be of a layer-to-layer nature or may occur within a single layer. 

Since the time scales in epitaxial growth are often on the order of minutes and seconds, it 

is prudent to automate a response to these variations. An automatic control system de- 

pends on sensors for information. During growth, these monitors typically deal with the 

sample temperature, layer thickness, state of the sample surface, or vapor concentration. 

Regardless of the monitoring technology utilized, the next step for epitaxial technology is 

to further develop these monitoring capabilities and incorporate them into a control system 

framework [9, 10, 11, 12, 13]. 

1.2     Control Issues 

A schematic overview of the process for a single precursor source is shown in Fig. 1. The 

sources used in this work, tertiarybutylarsine (TBAs), tertiarybutylphosphine (TBP), trimethyl- 

gallium (TMGa), and trimethylindium (TMIn), are each maintained at a constant temper- 

ature to provide for a constant evaporation rate from the precursor chemical. In addition, 

the source concentration is also regulated by three mass flow controllers (MFC's) and a pres- 

sure controller (PCV-1). Control of this vapor concentration is essential to obtain precise 

thicknesses, and solid compositions in the case of an alloy layer. The mass flow controllers 

(MFC-1) and (MFC-2) set the hydrogen entering the bubbler and the hydrogen/component 

dilution respectively. The third flow controller (MFC-3), located prior to the injection man- 

ifold, meters the amount of the vapor mixture introduced into the reaction chamber. The 

pressure controller (PCV-1) maintains the desired pressure in the bubbler, which allows for 

repeatable mixing of the source vapor and the hydrogen carrier. Due to this system of gas 



controls, the resultant gas flow from MFC-3 contains a desired amount of the particular 

source concentration. The separate source vapors, used to grow the desired material, are 

sent to the reaction chamber to thermally decompose onto the substrate, leading to growth 

of the desired material. 

Since a change in vapor concentration results in a change in both the solid composition and 

growth rate, there is a clear need for a direct concentration measurement. Ideally the vapor 

concentration can be calculated, using tabulated vapor pressure data, for temperature, flows, 

and pressure used in the bubbler configuration. This calculation has potential for error as it 

assumes that the source bubbler is in thermodynamic equilibrium and that the temperature, 

flow, and pressure measurements are accurate. As shown in Fig. 1, the MOCVD system is 

equipped with an ultrasonic concentration sensor [9, 14]. With a direct sensor such as this, 

real-time control becomes possible. 

Pure component flow expresses the amount of source vapor entering the reactor cell as a 

volume. Pure component flow (PCF) rate is the product of the precursor concentration 

and the corresponding mass flow rate into the reactor. This mass flow injected into the 

reactor consists of both the precursor vapor and the carrier gas. Hence, the goal is to obtain 

the desired PCF of each concentration-critical precursor throughout the entire growth, for 

example TMGa and TMIn when growing GaJni-^As. The current method of obtaining 

the correct PCF is by pre-run calibration, where the source concentrations are measured 

before growth. The injection mass flow controller (MFC-3) set points are then programmed 

accordingly. During growth, however, the PCF is running in an open-loop fashion where there 

is no actuation responding to the concentration disturbances.   Consequently, the desired 



composition and thickness, and hence the resulting device performance, degrades due to 

the disturbances. On the contrary, a closed-loop system is one where signals containing 

disturbance information is used compensate for the disturbances and maintain the desired 

PCF. 

Evidence of a TMIn concentration disturbance, which exhibits a time scale on the order of 

weeks, has been reported [9, 13] and compensated for by some groups [9, 12]. An example 

of a faster concentration disturbance is illustrated in Fig. 2(a), which is a plot of percent 

concentration of TMGa flowing in hydrogen, as measured by the concentration monitor 

during a normal growth run. Note that Fig. 2(a) represents concentration data for 10 minutes 

in the middle of a typical growth, and typical structures often require 30 minutes or longer. 

These concentration signal contains dynamics from a bubbler drift disturbance as well as 

the sensor noise. The drift disturbances are the components of the signal shown in Fig. 2(a) 

with the larger amplitudes and lower fluctuation frequencies. The sensor noise is the smaller 

amplitude, higher frequency component of the signal. To distinguish between the dynamics 

and noise, the hydrogen carrier gas alone was sent to the concentration sensor, bypassing the 

bubbler. A comparison of the two power spectra, shown in Fig. 2(b), provides evidence that 

in addition to sensor noise, the concentration signal illustrated in Fig. 2(a) is also corrupted 

by bubbler drift disturbances with energy in the 0.01-0.1 Hz frequency range; a range which 

can affect single layer growth. Several known factors contribute to this bubbler disturbance. 

First, the TMGa bath set point temperature is -10° C, hence the thermodynamic stability 

of this source is very sensitive to environmental perturbations. Second, because the TMGa 

line is equipped with two mass flow controllers (MFC-1, MFC-2) and one pressure controller 
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(PCV-1) that affect the vapor concentration coming from the bubbler, the cumulative error 

from these three actuators is a significant.source of disturbance for the vapor concentration. 

One challenge in applying control to existing semiconductor processes is the selection and 

eventual retrofitting of transducers, both the actuators and the sensors. Figure 3 is a block 

diagram illustrating our chosen sensor, actuator, and other components of a single-source 

loop for PCF control. Based on this system block diagram, a model was developed to use in 

the controller synthesis [13]. As depicted in Fig. 3, the nominal concentration is corrupted by 

the concentration disturbance of the type shown in Fig. 2. The concentration measurement is 

also corrupted by sensor noise. The noise does not contain any useful information about the 

concentration signal and, when running in an open loop fashion, will not affect growth. The 

concentration disturbance, on the other hand, is real and will affect growth. It is important 

to note that once the loop is closed, the concentration sensor noise is part of the concentration 

signal being sent to the controller. Therefore, if the controller responds to the sensor noise, 

it will be harming the growth. Consequently, another controller design goal is to ignore or 

attenuate the sensor noise.   The injected flow is corrupted by a switching disturbance at 

times when the reactants change in the injection manifold. The locations of the switching 

disturbance and the mass flow rate sensor noise were determined by the modeling process 

and are shown in Fig. 3. In this system there is no transducer that can measure the actual 

pure component flow, hence we construct the product of the measured concentration signal 

and the measured mass flow signal and define it to be the observed pure component flow, in 

lieu of a measured pure component flow. 

The controller design objectives are nominal pure component flow regulation and disturbance 



rejection. In control theory, a controller of this type is called a regulator because it governs a 

signal to remain constant in the presence of disturbances. As shown in Fig. 3, the controller 

input is the concentration monitor signal, and the controller output dynamically adjusts 

the MFC-3 actuator set point. This preliminary control strategy was first investigated for 

TMIn [9]. The controller structure simply divides the target pure component flow rate 

(PCFtarget), as specified in required for the material, by the concentration signal (Cmeas). 

The controller output is a flow rate set point (Faet) that satisfies 

ilsrtarget = ^meas  *   "set- 

This control law is simple, yet provides the necessary disturbance rejection. 

The concentration signal was then filtered with a 0.1 Hz, 2-pole Butterworth filter to reduce 

the noise. The static nonlinear control law was implemented an analog divider circuit [15] 

and other analog components. The divider inputs included both the pure component flow 

reference signal (PCFtarget) and the concentration sensor signal {Cmeas). The output was 

the set point to the TMGa mass flow controller (Faet). A switch was installed to go between 

open and closed loop control. 

2     Experimental Details 

A multilayer structure was designed and grown to evaluate the control system. The struc- 

ture grown consisted of alternating layers of InP and GalnAs, creating a superlattice. A 

superlattice was chosen for several reasons. First, the multilayers investigate composition at 



defined stages of growth. Second, the superlattice nature acts as a probe to examine both the 

thickness and composition reproducibility from layer to layer [16]. The structure was grown 

under both open loop and closed loop conditions. During both growths the TMGa temper- 

ature was purposefully increased to cause a disturbance in the TMGa concentration. This 

temperature bath agitation was used to test the ability of the controller to reject large va- 

por concentration disturbances. After growth, samples were measured with a double-crystal 

X-ray diffractometer using Cu Kc*i radiation and (004) reflection. 

The growth first starts with a 1000 Ä InP buffer layer grown on epi-ready InP (100) substrate, 

Fe doped, with a 2° vicinal misorientation towards [110].  The following GalnAs layer was 

grown to be nominally 3000 Ä thick at a target growth rate of 14 A/s. For the initial GalnAs 

layer, the TMGa was maintained at -10° C. After the completion of the first GalnAs layer, 

a 200 Ä InP spacer layer is grown at a growth rate of 2.7 Ä. At the start of the spacer 

layer growth, the TMGa temperature bath set point was manually increased by 0.4° C. 

The spacer layer growth allows the TMGa to adjust to the new temperature. After the InP 

spacer growth, a blanket flow of TBP in hydrogen was sent to the reactor for 100 s to provide 

additional time for the TMGa bath to stabilize before the start of the growth of another 

3000 Ä GalnAs layer.   The two-layer period of 200 Ä InP/3000 Ä GalnAs is repeated a 

total of four times, with a 0.4° C TMGa temperature increase after each GalnAs layer (cf., 

Table 1). The final structure provides five alloy layers as solid composition probes. Following 

these tests, a second set of open and closed loop growths were performed without inflicting a 

temperature disturbance to investigate the performance of the control system during regular 

growth. During all growths, the reactor pressure was 760 Torr and the sample temperature 



was 645° C. For these experiments, the desired GaxIrii_r As composition is x = 0.47. For our 

growth conditions, a TMGa concentration of approximately 0.192 % (by volume) is injected 

at a flow rate of 90.6 seem, resulting in a TMGa PCF rate of 0.174 seem. This is equivalent 

to a molar flow rate of 7.8 x 10-6 moles per minute and an injected partial pressure of 

24.7 x 10~3 Torr. 

3    Results and Discussion 

First, an agitated growth was performed to test the effectiveness of the controller. The 

experiment was structured to test the feasibility of the controller as well as investigate how 

well the control system can compensate for large amplitude perturbations. Time histories of 

performance parameters for the agitated growths are shown in Fig. 4. TMGa concentration 

signal from the concentration monitor, the flow measurement from MFC-3 on the TMGa line 

and the observed pure component flow of TMGa are compared for the open and closed loop 

growths. For each time history, 0 s marks the beginning of growth for the first GalnAs layer. 

The concentration of TMGa is shown to have five distinct levels corresponding to the five 

different set points in temperature (cf., Figs. 4(a) and 4(b)). The mean concentrations for 

each layer shown in Table 1 illustrate that the open and closed loop runs experienced similar 

concentration variations. Note the concentration response in Fig. 4(b) at approximately 

200 s. The dip in concentration just before the end of the layer 1 growth is a transient 

caused by an air draft, which was generated when the access door was opened to adjust the 

temperature bath manual set point. This observation supports the belief that the bubbler 
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thermodynamics are extremely sensitive and the concentration can vary from environmental 

disturbances. 

The output of the controller.is a scaled inverse of the concentration measurement. Fig- 

ures 4(c) and 4(d) are plots'of the respective open and closed loop measured flow rates. As 

seen from Table 1, the open loop flow rate behaves as expected by remaining constant at 

approximately 90.6 seem. The closed loop flow rate, however, decreases to compensate for 

the increasing concentration. Consequently, the open loop PCF varies, but the closed loop 

is regulated, as is illustrated in Figs. 4(e) and 4(f). These plots of the observed PCF were 

constructed by multiplying the sampled concentration signal data by the sampled injected 

flow signal data, where the concentration data was shifted by 2 s to compensate for the pipe 

transport delay. The key result in comparing the mean observed PCF values for each layer 

in Table 1 is that the closed loop system successfully regulated the PCF in the presence of 

the temperature agitation, whereas the open loop PCF was affected by the disturbance. 

The control of solid composition and thickness from layer to layer was investigated with 

double crystal X-ray diffraction. Fig. 5 compares the rocking curves of the open and closed 

loop growths, for the experiment when the TMGa concentration was perturbed via the 

temperature bath. The open loop plot, shown in Fig. 5(a), contains one peak from the InP 

at an angle of zero arcsec and five overlapping peaks from the GalnAs layers at angles ranging 

from 50-500 arcsec. The closed loop plot, Figure 5(b), has one peak from the InP at an angle 

of zero arcsec and one peak from the GalnAs at 50 arcsec. The peak at 100 arcsec results 

from a satellite peak convolved with the zeroth order peak. From the compositional analysis 

for the GaJni_xAs peaks, the resulting open loop composition varied from 0.475 < x < 0.5, 
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while the closed loop composition was maintained at x = 0.473, in the presence of a similar 

concentration disturbance. Hence, the PCF control system has performed well, compensating 

for perturbations in real-time, and leading to a much improved multilayer sample. 

The next set of growth experiments were designed to test the controller action during normal 

operation, with no imposed system disturbances. Figure 6 shows the rocking curves for open 

and closed loop growths. In superlattice structures, the presence of satellite peaks can be 

used as a measure of how well the thickness and composition of the periods are precisely 

repeated. The primary feature in the closed loop results, Fig. 6(b), which is evidence of an 

improved growth, is the presence of the eight orders of well-defined satellite peaks. This 

result indicates that in regulating the PCF rate of the gallium source, the growth rate and 

hence the thickness of the GalnAs layers were regulated, as well as the solid composition. 

Simulation of the X-ray diffraction spectra for the multilayer sample is shown as a dashed 

line in Fig. 6(b). In this simulation, the alloy composition was kept constant throughout 

each layer and also in each of the five layers. The match between the simulation of the 

nominal structure and the actual measurement further confirms the ability of the controller 

to improve reproducibility from layer to layer, a major requirement in superlattice growth. 

4    Summary 

Future advances in the epitaxial growth of semiconductors will require real-time sensing of 

key parameters and, where possible, real-time automated control of these parameters. To 

address these objectives, we developed a controller that uses an ultrasonic concentration sen- 
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sor to provide real-time information about the TMGa gas concentration during the growth 

of Gain As by MOCVD. Steps in control system development include identifying and charac- 

terizing a disturbance that compromises sample quality, designing a control law to regulate 

the disturbance, and implementing the controller with appropriate hardware. We devised a 

simple law to maintain the PCF of the TMGa in the presence of concentration disturbances 

and implemented it with a analog circuit that controls the injection mass flow controller. 

A GalnAs/InP superlattice with thick alloy layers was characterized by X-ray diffraction to 

evaluate both the resulting thickness and solid composition variations that occurred from 

layer to layer and within a layer. The controller rejected intentional large amplitude concen- 

tration perturbations present during growth, resulting in a superlattice of moderate quality. 

The controller also vastly improved a sample grown during unperturbed growth, leading 

to a high quality superlattice. These results demonstrate that our specific implementation 

has the ability to improve the precision and reproducibility of solid composition and layer 

thickness - both primary features in the epitaxy of high performance semiconductor devices. 
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Table 1: Comparison of mean TMGa concentration measurement, flow measurement, and 
pure component flow observation during GalnAs growth. Note that the observed PCF in 
the closed loop case is the same for all layers. The TMGa source bath temperature set point 
is shown for each layer. 

Layer 
Temp. 
(°C) 

Mean Concentration 
(% by volume) 

Mean Flow 
(seem) 

Mean Observed PCF 
(seem) 

Open Loop Closed Loop Open Loop Closed Loop Open Loop Closed Loop 

1 -10.0 0.191 0.190 90.6 90.4 0.173 0.172 

2 -9.6 0.196 0.195 90.6 87.6 0.178 0.171 

3 -9.2 0.199 0.199 90.6 86.7 0.180 0.172 

4 -8.8 0.204 0.204 90.6 84.0 0.185 0.171 

5 -8.4 0.209 0.209 90.6 82.0 0.189 0.171 
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Figure Captions 

Fig. 1: Simplified schematic overview of the MOCVD process for one source (TMGa). Mass 

flow controllers: MFC-1, MFC-2, MFC-3. Pressure controller: PCV-1. Ultrasonic concen- 

tration monitor located on the output of PCV-1. Gas flow directions shown by arrows. 

Manifold switching and hand valves not shown. 

Fig. 2: Concentration variation of TMGa during a typical growth measured in percent by 

volume of injected gas is shown in (a). The target concentration is shown by a dashed 

line. To distinguish between bubbler disturbances and concentration sensor noise, the power 

spectra of this data is shown in (b) as a solid line. For comparison, the power spectra of 

only hydrogen concentration measurements (bypassing the bubbler) is shown as a dash-dot 

line in (b). Note the higher energy in the TMGa spectra at frequencies less that 0.1 Hz. 

Fig. 3: Block diagram of the pure component flow control system model. The observed pure 

component flow is the product of the measured concentration signal and the measured mass 

flow signal. This step is indicated by the block containing "X". 

Fig. 4: Open and closed loop TMGa responses to temperature bath agitation. Shaded regions 

indicate growth of GalnAs layers. The TMGa concentration time histories are compared 

in (a) open loop and (b) closed loop. The flow rate time histories (measurement located 

at the injection flow controller) are compared in (c) open loop and (d) closed loop. The 

corresponding observed pure component flow time histories are compared in (e) open loop 

and (f) closed loop. 
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Fig. 5: X-ray diffraction rocking curves from GalnAs/InP superlattices grown with the 

TMGa temperature bath agitation for (a) open and (b) closed loop growths. 

Fig. 6: X-ray diffraction rocking curves from GalnAs/InP superlattices grown in normal 

operation for (a) open and (b) closed loop growths. Solid lines indicate measurement; dashed 

line in (b) indicates simulation results. 
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ABSTRACT 

Metalorganic chemical vapor deposition (MOCVD) is a process used to manufacture 
electronic and optoelectronic devices that has traditionally lacked real-time growth monitor- 
ing and control. We have developed control strategies that incorporate monitors as real-time 
control sensors to improve MOCVD growth. An analog control system with an ultrasonic 
concentration monitor was used to reject bubbler concentration disturbances which exist 
under normal operation, during the growth of a four-period GalnAs/InP superlattice. Using 
X-ray diffraction, it was determined that the normally occurring concentration variations 
led to a wider GalnAs peak in the uncompensated growths as compared to the compensated 
growths, indicating that closed loop control improved GalnAs composition regulation. In 
further analysis of the X-ray diffraction curves, superlattice peaks were used as a measure 
of high crystalline quality. The compensated curve clearly displayed eight orders of satellite 
peaks, whereas the uncompensated curve shows little evidence of satellite peaks. 

INTRODUCTION 

Stricter semiconductor device tolerance requirements [1, 2, 3] are driving the need for 
better monitoring and control in semiconductor fabrication processes. Metalorganic chemical 
vapor deposition (MOCVD) is a widely used technique for epitaxial growth of semiconductor 
layers, but is limited by a high degree of process variance. Recently, the MOCVD process 
has been improved with real-time closed loop control [4, 5], using a concentration monitor. 
In previous work [5], a control system was designed to improve both epitaxial thickness and 
composition precision. The controller is designed to maintain a constant delivery rate of 
one component of the semiconductor alloy being grown in the reactor. The primary goal of 
this paper is to outline general procedures for the design and implementation of a control 
system for epitaxial growth. A secondary goal consists of describing the control system 
implementation and a growth demonstration. To achieve these goals, the paper contains a 
brief overview of the system and experiment, followed by a detailed discussion of the control 
issues. 

SYSTEM OVERVIEW 

Metalorganic chemical vapor deposition (MOCVD) is a vapor-phase growth technique 
used to grow a wide range of semiconductors and other materials. Fig. 1 is a schematic 
overview of the MOCVD delivery system for a single source. The atoms that are needed 
to create the thin films found in single-crystal compound semiconductors are supplied from 
precursors that can be solid, liquid, or gas. In the case of solid and liquid precursors, 
the vapor that arises from evaporation is transported to the reaction chamber by passing 
hydrogen gas (or another pure carrier gas) through the source vessel that stores the liquid or 
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Figure 1: Simplified schematic overview of the MOCVD process for one source (TMGa). 
Mass flow controllers: MFC1, MFC2, MFC3. Pressure controller: PCV. Manifold switching 
and hand valves not shown. Gas flow directions shown by arrows. Location of control system 

is indicated with dashed lines. 

solid precursor. The resulting gas flow from the bubbler consists of hydrogen and the source 
vapor. This mixture is transported to the reaction chamber where the crystal growth occurs. 

Obtaining the desired concentration of the source vapor in the gas flow is critical for 
precise growth. For control of the solid composition and thickness of an alloy layer, the 
primary parameters of interest include the relative amounts of precursor vapor entering the 
reaction chamber. This is due to the fact that MOCVD growth of III-V semiconductors is 
often performed in a regime where the amount of source vapor determines how many atoms 
of a particular element is incorporated into a film. To achieve the desired amount of the 
source vapor, the transport system is configured with several key features [5]. The desired 
precursor concentration, for example trimethylgallium (TMGa), is obtained by a system of 
mass flow controllers (MFC1, 2, and 3) and a pressure controller (PCV). The system is also 
equipped with a concentration sensor, which is used to measure the percent concentration 
of the precursor in hydrogen, and is located on a bleed line after MFC2, but before MFC3. 

Ultimately in MOCVD, the primary growth parameter for solid composition and thick- 
ness control is the source vapor delivery to the growth chamber. One common way to express 
the amount of vapor entering the reactor cell is by pure component flow. Pure component 
flow (PCF) rate is the product of the precursor concentration and the corresponding mass 
flow rate into the reactor. This flow into the reactor consists of both the precursor vapor and 
the carrier gas, and hence is termed the total flow (for one source line). The present practice 
for obtaining the pure component flow is by pre-growth calibration with the concentration 
monitor. Before growth, the injection mass flow controller (MFC3) is set to a flow rate value 
where the product of the total flow rate and the pre-run concentration reading is the desired 
pure component flow. The drawback to this open-loop method is that bubbler concentration 
disturbances, characterized in [5], will perturb both the desired composition and thickness 
in the growth. These disturbances, primarily from the TMGa bubbler, have time scales 
that affect uniformity between layers and even within single layer. The ultrasonic concen- 



tration sensor, previously mentioned, can detect these disturbances that perturb growth in 
a real-time therefore is used in the control loop. 

EXPERIMENT 

Fig. 1 illustrates the control system (dashed line) that uses the concentration signal 
from the sensor as the control input, and continuously adjusts the total flow rate set point of 
the injection mass flow controller (MFC3), in order to maintain a constant pure component 
flow rate. The controller objectives are nominal TMGa pure component flow regulation 
and disturbance rejection (remembering that the pure component flow is the product of 
the component concentration and total flow). The controller structure, first investigated by 
Stagg, et ai, [4] for TMI, simply divides the target pure component flow rate (PCFtarget), as 
required for the particular growth, by the concentration sensor signal (Cmeas)- The controller 
output, therefore, is a mass flow rate set point (F3et) that satisfies the PCF control law, 

■r C/ r'target — ^meas X r sef (1) 

Once a control law is developed it must be implemented with hardware. The initial con- 
troller implementation was fabricated with analog components and is illustrated in Fig. 2. 
Retrofitting the control system to the existing MOCVD machine, while not disturbing the 
ongoing open loop growth capabilities, was a design priority. The concentration signal was 
taken into a high impedence buffer so as to not affect the sensor performance. The con- 
centration signal was then filtered with a 0.1 Hz, 2-pole Butterworth filter to reduce the 
noise and also prevent the controller from responding to erroneous concentration monitor 
signals. The static nonlinear control law, Eq. 1, was implemented via an divider circuit [6] 
and other analog components. The divider chip inputs included both the pure component 
flow reference signal (PCFiar3et) and the concentration sensor signal (Cmeo9)- The output 
was the set point to the TMGa injection mass flow controller (Fset). A switch was installed 
to select either open or closed loop control. Open loop control signifies that the mass flow 
controller set point signal is generated from the MOCVD reactor computer, and will not 
change as a function of the concentration signal. Closed loop control signifies that the set 
point is generated from the analog implementation. 

from concentration 

PCF set point — 

sensor 
Buffer 

2 pole 
Butterworth 

(0.1 Hz) 

Divider 
AD534 Clipper 

to MFC 

MFC set point from         
MOCVD reactor computer 

Figure 2: Block diagram of the controller implementation. The input is the concentration 
sensor signal and the output is the mass flow controller set point. 

A multilayer structure was designed to examine the controller performance in regulat- 
ing both the composition and thickness of the GalnAs layers and is shown in Fig. 3. This 
superlattice-like structure was chosen to investigate the control system reproducibility ac- 
tion. During growth, the reactor pressure was 760 Torr and the sample temperature was 
645° C. The substrates were epi-ready InP(lOO), Fe doped, with a 2 ° vicinal misorientation. 
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Figure 3: Experimental growth structure designed to test the controller performance. Note 
the four periods GalnAs/InP (3000 Ä/200 Ä) superlattice structure. 

The structure shown in Fig. 3 was growth under both open and closed loop conditions for 

comparison. 

The solid composition and thickness control was measured with a double-crystal X- 
ray diffractometer using Cu Kax radiation and (004) reflection. Fig. 4 compares X-ray 
rocking curves for the open and closed loop growths of the test structure. Improved solid 
composition control is evident from the reduced width of the closed loop GalnAs lattice 
peak (note that this peak is convoluted with satellite peaks). In addition to composition 
control, the thickness reproducibility also improved with the closed loop controller. The 
compensated growth contains eight orders of well-defined satellite peaks [5], indicating that 
a constant thickness of the repeated GalnAs layers has been maintained. The lack of satellite 
peaks in the open loop curve shows evidence that the bubbler concentration disturbances 
corrupt thickness reproducibility. The dashed line in Fig. 4 is a diffraction simulation of the 
test structure shown in Fig. 3. The match between simulation and closed loop data supports 
the success of control system in improving layer-to-layer reproducibility. 

DISCUSSION OF CONTROLLER DESIGN ISSUES 

The control system synthesis to improve the precision in MOCVD, involves several over- 
lapping procedures. A desired performance improvement must be identified along with the 
performance limiting factors that can be potentially bettered by a control system. For vapor 
phase epitaxy, improved precision in both thickness and composition are desirable, how- 
ever the accuracy of the vapor concentration delivery limits the thickness and composition 
tolerances.  Once a desired improvement and limiting factors are specified, a control loop, 
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Figure 4: X-ray diffraction rocking curves for (a) open and (b) closed loop growths in normal 
operation. The dashed line indicates results from a simulation. 

including both sensors and actuators, must be defined. As an alternative to the control 
actuator MFC3, the dilution mass flow controller (MFC2 in Fig. 1) could have been chosen 
to reject disturbances, but the control law would then differ. The limiting factors on per- 
formance often manifest themselves as system disturbances, as in the vapor concentration 
fluctuations from the bubbler. Consequently, one consideration is what sensors are available 
to monitor the disturbances. For pure component flow control, the ultrasonic concentration 
monitor measured, in real-time, some evidence of the bubbler variability [5] and, hence, was 
a useful sensor in the loop. 

The next step in the design procedure is to model the control loop and study the closed- 
loop behavior of the system [7]. Simple oversights, such as the physical limitations of actu- 
ators or unexpected sensor noise amplification, may cause problems when closing the loop, 
and therefore should be investigated with a model and simulation. Typically, a control loop 
model contains mathematical descriptions for the sensor, actuator, and process dynamics, as 
well as characterizations of the system disturbances. Characterizing a disturbance consists 
of determining where the disturbance enters the loop as well as what dynamics and noise sig- 
nals make up the disturbance. Descriptions for the concentration sensor and MFC actuator, 
and characterizations of the concentration bubbler disturbance, switching disturbance, and 
sensor noise disturbances were determined by recording responses to known inputs [7]. The 
sensor response was analyzed to determine which components of the signal were sensor noise 
and which showed evidence of the bubbler variability. During the controller design, both 
hardware selection and installation issues should be considered. For pre-existing MOCVD 
systems, retrofitting a controller may hinder the controller performance due to the fact that 



the sensor and actuator configuration was not designed for feedback. 
Specific experimental growths must also be designed in order to examine the performance 

of the controller. Often in semiconductor fabrication, the only way to determine if the 
controller is successful is by growing and then characterizing a series of samples. Our test 
structure can be characterized by X-ray diffraction, as shown Fig. 4, or by optical techniques. 
If the structure is also a superlattice, the satellite peaks can provide additional information 
about thickness and compositional uniformity of the sample. The ability to simulate the 
X-ray diffraction of such structures is a powerful method to evaluate the performance of a 
control system in addressing small time-scale variations. 

CONCLUSIONS 

By performing key control system design steps described above, we have built a suc- 
cessful real-time control implementation to reduce MOCVD processing variance. A vapor 
concentration monitor was used as the control input to detect TMGa concentration distur- 
bances. A control law, designed to regulate the pure component flow of TMGa, adjusted the 
total mass flow rate set point of the TMGa in a hydrogen carrier. The performance objective 
was to improve both solid composition and thickness precision in the presence of normally 
occurring concentration fluctuations. The controller success, in regulating of both composi- 
tion and thickness, was demonstrated by growing a four period GalnAs/InP superlattice and 
analysing both open and closed loop samples with X-ray diffraction techniques. The closed 
loop rocking curve had a narrower GalnAs peak and exhibited well defined satellite peaks 
as compared to the open loop rocking curve, indicating better composition and thickness 

precision. 
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Abstract. Real-time control of metalorganic chemical vapor deposition (MOCVD) processes has been shown to 
improve the composition and thickness precision in the growth of compound semiconductor films. A system model 
of the MOCVD process is developed to improve the application of control. The model is used to simulate growth of 
GalnAs. Estimates of the GaAs fraction, from simulated growths, are compared to measured composition results. 
The model estimates and post-growth data are in good agreement. 
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1. INTRODUCTION 

One leading epitaxy technique used to grow compound 
semiconductors is metalorganic chemical vapor depo- 
sition or MOCVD. Compound semiconductor devices, 
such as electron mobility transistors, quantum-well 
lasers, and high brightness light emitting diodes (LEDs), 
are used in high speed computing and telecommunica- 
tions applications. As the specifications for semiconduc- 
tor materials and devices become more demanding, the 
precision and reproducibility capabilities in MOCVD 
technologies must be improved. In particular, the com- 
position and thickness of layers within a device are 
parameters that possess extremely tight product tol- 
erances. Examples of composition and thickness de- 
vice specifications can be found in Agrawal and Dutta 
(1993), Blondelle et al., (1995), and Bastard (1983). As 
of late, epitaxial processes are becoming equipped with 
monitoring systems to sense the growth parameters of 
interest, such as sample temperature, layer thickness, 
state of the sample surface, and vapor concentration. 
The next step for MOCVD technology is to further 
develop these monitoring capabilities and incorporate 

1 This work was supported by NSF grant ECS-9308912. The 
work of M. Gaffney was supported, in part, by the Ralph M. 
Parsons Foundation. The work of C. Reaves was supported by 
the NSF Science and Technology Center for Quantized Electronic 
Structures (QUEST). The instrumentation was supported by the 
ARPA Optoelectronic Technology Center (OTC) under contract 
MDA 972-94-1-0002. 

them into a control system framework (Stagg et al., 
1992; Aspnes et al., 1992; Koybayashi 1994; Biefeld and 
Kurtz 1995; Gaffney et al., 1995a,b). 

MOCVD processes have much to gain from controller 
implementations because these processes are predomi- 
nately run in an open loop fashion. For many systems, 
calibrations and adjustments are made before a run or 
by an operator during a run. By using process monitor- 
ing, these adjustments can be controlled in real time and 
with extreme precision. As was shown in Gaffney et al., 
(1995a,b), successful controller performance, leading to 
process improvements, can be obtained with simple con- 
trol designs. The key control issues for the MOCVD sys- 
tem are not found in the control law design, but rather in 
the sensor technologies, disturbance identification, sys- 
tem analysis using a control-type model, and controller 
performance evaluations schemes. 

This paper begins with a brief review of the MOCVD 
process and a discussion of recent closed loop control 
results found in Gaffney et al., (1995a,b). The primary 
motivation of this paper however, is to introduce a sys- 
tem model of the MOCVD process. The purpose of 
this model is to evaluate various sensor/actuator con- 
figurations, test controller designs, identify locations for 
new sensing schemes and estimate both composition and 
growth rate parameters. In this paper, the model is first 
described, then tested by driving a simulation with time 
history data taken from both open loop and closed loop 



GalnAs (gallium indium arsenide) growths. The sim- 
ulation performance, in estimating the composition x 
of GaIIn(i_x)As, is compared with corresponding post- 
growth X-ray diffraction composition measurements. 

2. CONTROL OF MOCVD PROCESS 

2.1. Background and Motivation 

The following description is a brief summary of the 
system overview contained in Gaffney et al., (1995a,b) 
MOCVD is one technique used to grow compound semi- 
conductors (Dupuis 1984). An example of ternary 
MOCVD growth is when two column III alkyl sources, 
such as trimethylgallium (TMG) and trimethylindium 
(TMI), are mixed in a vapor phase with an organomet- 
alic column V source, such as tertiarybutylarsine 
(TBA). Under specific conditions, including reactor 
pressure, temperature, and molar flow rates, the depo- 
sition of a solid will occur. For TMG, TMI, and TBA, 
the resulting solid is GaxIn(i_r)As. In III-V growth, 
the column III and V atoms primarily deposit in a 1:1 
ratio. The column III ratio x, in the ternary compound 
example, is one of two main parameters to control. This 
molar ratio, or composition, has tolerances of ± 0.01 in 
order to obtain the desired emission wavelength from 
a quantum-well laser for example. The thickness or 
growth rate is the other parameter which must obtained 
precisely in the fabrication of electronic-grade devices. 

Figure 1 is an overview of the gas flow through the 
system for a single source. The source chemicals are 
transported to the growth chamber in a vapor phase by 
bubbling hydrogen gas through the source vessel that 
stores the liquid reagent. This vessel is referred to as a 
bubbler. The resulting gas flow from the bubbler con- 
sists of hydrogen and the desired concentration of the 
source. The source concentration is regulated by three 
mass flow controllers, the input controller located before 
the bubbler (MFC3), an H2 dilution controller located 
after the bubbler (MFC2), and the last one located be- 
fore the injection manifold (MFC1) and a pressure con- 
troller (PCV1). 

In the reaction chamber, a susceptor is heated by IR 
lamps and holds the substrate where growth occurs. The 
precursors, both the column Ills and Vs, decompose at 
the hot surface. For the desired crystal growth to occur, 
the column III reagent compositions sent to the reactor 
are precise quantities, while the column V compositions 
are present in an overabundance. After a growth, infor- 
mation about the resulting composition and thicknesses 
can be determined using X-ray diffraction techniques. 

In  mass-transport limited MOCVD  processes,   both 

composition and growth rate (thickness) are propor- 
tional to the delivery rate of the column III precursors. 
The key parameter is the pure component flow rate, 
which is the product of the concentration of the source 
in the hydrogen carrier multiplied by the total flow rate 
of the source in the carrier. The typical growth pro- 
cedure involves measuring the concentration of the ul- 
trasonic concentration monitor before growth, and then 
adjusting the mass flow controller located just before 
the injection manifold (MFC1) so that the product of 
the concentration and flow rate is the desired pure com- 
ponent flow rate. During growth however, the mass flow 
controller set point is not adjusted. Consequently, con- 
centration disturbances with time constants faster than 
a growth period can corrupt the target composition and 
thickness. 
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Fig. 1. Overview of the MOCVD gas flow for one source 

In Gaffney et al., (1995a,b), a bubbler disturbance was 
shown to corrupt the pure component flow rate during 
growth. Evidence of the bubbler disturbance is shown 
in Figure 2, which is a comparison of the power spectral 
densities for the ultrasonic sensor signal under two con- 
ditions. The solid line is a concentration measurement 
of TMG in hydrogen under typical growth conditions. 
The dashed line is a concentration measurement of hy- 
drogen only, without flowing through the bubbler, and 
is used as an indication of the levels of sensor noise. As 
shown, the TMG signal has energy in the PSD that does 
not exist in the sensor noise signal and hence is evidence 
of a bubbler concentration disturbance. 

2.2. Preliminary Control System 

A control scheme was implemented and described in 
Gaffney (1995a,b) where the controller objectives are 
nominal pure component flow regulation and distur- 
bance rejection, remembering that the pure component 
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Fig. 2. Power spectral density of the ultrasonic concentration 
monitor signal, illustrating the low frequency energy 
found in a typical TMG measurement. For compari- 
son, the sensor noise is shown by the dashed line. 

flow is the product of component concentration and to- 
tal flow. As shown in Figure 1, the controller input 
is the concentration monitor and the controller output 
dynamically adjusts the MFC1 set point. The prelimi- 
nary controller structure consists of a low-pass filter and 
static inversion of the concentration signal. The inver- 
sion is simply a division of the optimal pure component 
flow rate (PCFopt), as required for the proper growth, 
by the concentration signal (Cmea*)- The controller out- 
put, therefore, is a mass flow rate set point (Fje<) that 
Satisfies, PCF0pt = Cmeas x Fset- 

2.3.  Closed Loop Experimental Results 

In order to evaluate the effectiveness of the composition 
controller, two alloy structures were grown using the . 
same growth recipe. The first structure was grown under 
open loop conditions and the second under closed loop 
conditions. The structure grown consisted of alternating 
layers of InP (indium phosphide) and GalnAs, or more 
specifically, a 5-period Gao.47Ino.53As/InP (3000 Ä/200 
Ä) superlattice. Further details of these test growths 
are described in Gaffney et al., (1995b). During both 
the open and closed loop growths, the TMG tempera- 
ture bath was purposefully agitated, to cause a distur- 
bance in the TMG concentration. The temperature of 
the TMG is nominally set at -10 degrees C. The agita- 
tion was such that the bath temperature was increased 
by 0.4 degrees C at the start of each InP layer. When 
the TMG was sent to the reactor for growth, the con- 
centration had increased as a consequence of the warmer 
bath temperature. For these experiments, the desired 
composition is Gao.47Ino.53As.   This corresponds to a 

desired TMG concentration of approximately 0.192 % 
by volume and a corresponding total flow rate of 90.57 
seem, or in other words, a pure component flow rate 
of 0.1739 seem. However, because the temperature bath 
was increased by 0.4 degrees C before the growth of each 
consecutive GalnAs layer, the concentration and hence 
the corresponding pure component flow was corrupted. 
As a result, the desired composition was not obtained 
in the open loop growth as can be seen from the X-ray 
diffraction (XRD) results. 

XRD techniques involve pointing a single wavelength X- 
ray source onto the sample at some incident angle and 
measuring the diffracted X-ray count. The sample is 
rocked through a range of incidence angles, while the X- 
ray count is measured, to generate a rocking curve. The 
key information occurs when the incidence angle is such 
that the diffracted X-rays undergo constructive inter- 
ference and satisfy Bragg's law. If the desired structure 
grown was a (Gaj,Ini_xAs) layer on an InP substrate, 
one would expect two peaks, the first for the InP lat- 
tice and the second for the GalnAs lattice. The relative 
angle between the substrate and layer peaks is used in 
Bragg's law to determine the alloy molar breakdown x. 

Figure 3 is a plot comparing the rocking curves of the 
open and closed loop growths. Recall that during these 
growths, the composition of the GalnAs layers were per- 
turbed, via the temperature bath. In both plots, the InP 
(substrate) peak was purposefully centered at 0 arc sec- 
onds. The open loop plot contains one peak from the 
InP layers and five peaks from the GalnAs layers. Each 
GalnAs layer has a different composition, as is indicated 
by the five smeared peaks. The closed loop sample has 
only one peak from the five GalnAs layers indicating 
that the GalnAs layers all have the same composition 
(this substrate peak appears as two peaks in the figure 
because of corruption with the satellite fringes). From 
compositional analysis of these rocking curves, one can 
conclude that the open loop composition varied from 
Ga0.479lno.497As to Gao.5Ino.5As, and the closed loop 
composition was maintained at Gao.473liio.527As, in the 
presence of the concentration disturbance. Hence, com- 
position control can improve the material quality in 
MOCVD processing. 

3. MODEL OF MOCVD PROCESS 

The challenge of improving composition precision in 
MOCVD processes has already been identified as an 
application for control (Stagg et al., 1992, Gaffney et 
al., 1995a,b). Now that a simple control implementa- 
tion has been shown to be successful in improving the 
composition and thickness precision in IH-V MOCVD, 



llOOO    -800     -600     -400     -200 0 200       400       600       800      1000 
Relative Angle (arc seconds) 

-1000    -800     -600     -400     -200 0 200       400       600       800      1000 
Relative Angle (arc seconds) 

Fig. 3. X-ray diffraction rocking curves for (a) open and 
(b) closed loop growths during the TMG tempera- 
ture bath agitation 

further control work first requires a system model. Com- 
plex models of the MOCVD process have been devel- 
oped that capture three-dimensional transport phenom- 
ena, and detailed kinetic gas-phase and surface reactions 
(Jensen et al., 1991). Simulation of these types of mod- 
els typically requires solving over 40,000 nonlinear al- 
gebraic equations that were generated from transform- 
ing partial differential equations and the corresponding 
boundary conditions. These models are used to predict 
the causes of growth rate variations, composition vari- 
ations, and impurities. Additionally, models of this na- 
ture are extremely useful in the design of MOCVD reac- 
tors. For control analysis however, a simpler model that 
captures phenomena such as sensor noise, system band- 
widths, and disturbance locations, will be more useful. 
Figure 4 is a system diagram of a model developed for 
control analysis. The model is not only used to design 
and test control laws, but is also useful when determin- 
ing the optimal configuration of sensors and actuators 
for control. The model is based on the system shown in 
Figure 1 and illustrates the dynamics for two sources, 
TMG and TMI. 

This modeling effort was developed to analyze the 
growth of the ternary compound GarIni_;rAs, but can 
be extended to quaternary compounds, for example, and 
other other elements, such as (AlxGai-^Ini-yP. Be- 
cause the growth is does not depend on the column V 
precursor delivery rate, only the TMG and TMI dynam- 
ics are included in the model. One goal of this model 
is to determine what factors will affect the composition 
x, in GaxIni_j;As. Since the vapor concentration deter- 
mines (to first order) the solid composition, the GaAs 
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Fig. 4. MOCVD model diagram for control analysis 

fraction in the resulting solid can be approximated by: 

rg(GaAs) 
rg(InAs) + rg(InAs)' (1) 

assuming that GaAs and InAs are growing indepen- 
dently (Kuo et al., 1983). The growth rate of GaAs, 
r3(GaAs), is a linear function of the pure component 
flow rate (or equivalently molar flow rate) of TMG, the 
column III source. And similarly, the growth rate of 
InAs, rs(InAs), is a linear function of the pure compo- 
nent flow rate of TMI, another column III source. Be- 
cause both growth rates are independent of the pure 
component flow rate of TBA, the column V source, 
Equation 1 can then be written as 

fcl/Ga JGa 
fafln + hfGa kfln + füa ' 

(2) 

where k=ki/k2 is a growth coefficient, iaa is the pure 
component flow rate of TMG, and f/„ is the pure com- 
ponent flow rate of TMI (Kuo et al., 1983). The growth 
coefficient will vary according to growth conditions such 
as the susceptor temperature and the reactor pressure. 

Consequently, the two inputs to the composition func- 
tion in Figure 4 are the pure component flows of both 
TMG and TMI. The pure component flow of TMG is 
the product the hydrogen carrier and TMG (denoted 
F-TMG), multiplied with the concentration fraction of 
TMG in hydrogen (denoted C-TMG). This product is 
also shown in Figure 4. The total flow rate is controlled 
by MFCI-TMG. The MFC1 actuator local loop has been 



identified with input-output data to be 1 Hz first-order 
lag from the set point input to the flow measurement 
output. As shown in the figure, the total flow from the 
actuator is corrupted by a switching flow disturbance, 
which typically occurs while growing layered structures 
that require multiple flow switches at the injection mani- 
fold (illustrated in Figure 1). The concentration of TMG 
in hydrogen is generated by flowing hydrogen through 
the bubbler as was described in a Section 2.1. This sys- 
tem is modeled by including the dynamics of both the 
input (MFC3-TMG) and dilution (MFC2-TMG) mass 
flow controllers. They are both modeled as 2 Hz first- 
order lags, based on the MFC manufacturer calibration 
installation records.   These linear models for all mass 
flow controllers will accurately approximate the trans- 
ducer behavior when the flow remains in the linear range 
of operation. If the flow levels come to within five per- 
cent of either zero or maximum flow then the linear 
model approximation will break down.  The inputs to 
the TMG bubbler dynamic model consist of the nom- 
inal TMG concentration (Cnom-TMG) as well as the 
flow rates of both the input and dilution mass flow con- 
trollers. The bubbler model relates the ratio of the pure 
component flow of TMG to the total flow, and hence 
is a nonlinear system.  The key feature of the bubbler 
concentration model is that it is corrupted by a concen- 
tration disturbance.   Evidence of this disturbance was 
illustrated in Figure 2. In the model, the concentration 
of TMG is delayed by approximately 2 seconds due to 
a pipe transport time, which was determined from pipe 
geometry and typical flow rates. The model for TMI is 
similar, except the pipe delay is approximately 1 second 
and the TMI system does not have a dilution mass flow 
controller. 

The concentration signal is measured by an ultrasonic 
sensor. This monitor measures the speed of sound in 
a input binary gas mixture to determine the gas con- 
centration (Stagg et al., 1992). The concentration sen- 
sor has the capacity to monitor only one gas at a time. 
TMG was chosen to be measured because the TMG bub- 
bler shows evidence of generating disturbances that pos- 
sess time constants faster than some growth times and 
therefore need to be sensed in real-time for compensa- 
tion, as shown in Gaftney et al., (1995a,b). The ultra- 
sonic concentration sensor is not in-line with the flow 
from the mass flow controller (MFC1), and thus will feed 
back delayed information. From pipe volumes and flow 
rates, the concentration reading was determined to be 
lagging behind the MFC1 flow rate measurement by ap- 
proximately 2 seconds. In addition, from input-output 
tests and discussions with the manufacturer (Grantham 
1994), the bandwidth of the sensor is roughly 0.2 Hz and 
was modeled accordingly. For the simulations, all actu- 

ator and sensor outputs were clipped at the appropri- 
ate dynamic ranges, and sensor noises (N) were injected 
when required to investigate the consequences of closing 
a loop. The control system, that successfully improved 
both composition and thickness precision (Gaftney et 
al., (1995a,b)), is also included in the model. As illus- 
trated in Figure 4, the control input is the concentration 
measurement of TMG and the output is the set point 
to the TMG mass flow controller (MFC1-TMG). The 
controller consisted of a 0.5 Hz 2 pole butter worth filter 
followed by the concentration inversion law, discussed 
in Section 2.2 

The model was tested by simulating the open and 
closed loop runs of the perturbed GalnAs growths. The 
corresponding post-growth X-ray diffraction curves are 
shown in Figure 3 and will be used to compare the 
composition results. The simulations were performed 
by injecting the recorded time histories of the TMG 
bubbler disturbance (as measured by the concentration 
monitor). The TMI bubbler disturbance was not mea- 
sured and hence not simulated. Any existing switch- 
ing flow disturbances were not recorded nor simulated. 
For the open loop simulations, the recorded time his- 
tory of the mass flow actuator command at MFC1- 
TMG was used to drive the set point. For the closed 
loop simulations, the model of the controller drove the 
MFC1-TMG set point based on the injected TMG bub- 
bler disturbance. The set points for the remaining 
TMG mass flow controllers and all TMI mass flow con- 
trollers were constants that corresponded to the val- 
ues coded in the run program. Before the open loop 
simulation was investigated, the growth coefficient (k 
in Equation 2) was determined using the composition 
and pure component flow information from an open 
loop calibration run. This calibration run was per- 
formed on the same day, under similar growth condi- 
tions, but without the purposefully inflicted concentra- 
tion disturbance. The growth coefficient for the open 
loop growth was determined using the X-ray diffraction 
composition estimate, x = 0.477, and the pure compo- 
nent flow estimates, fGa = 0.1908% (from the concen- 
tration signal) x 90.58 seem (from MFC1-TMG flow 
sensor) = 0.1728 seem and f/„ = 0.108% (estimate from 
earlier concentration measurement) x 194 seem (from 
MFC1-TMI desired set point input) = 0.2085 seem. The 
resulting growth coefficient is k = 0.905. 

The composition time history for the open loop sim- 
ulation is shown in Figure 5(a). The shaded areas in 
the figure correspond to times when the Ga^Ini-rAs 
layers are growing. During the remaining times, either 
InP layers are growing or a blanket of TBP (tertiary- 
butylphosphine) is flowing over the crystalline structure. 
The mean (simulated) composition, x, for each of the 



five GaxIni_xAs layers, are summarized in Table 1 and 
compared to the composition estimates from the X-ray 
diffraction testing. Excellent agreement is observed be- 
tween the simulated and measured compositions. 
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Fig. 5. Simulation of GalnAs composition for the (a) open 
loop and (b) closed loop growths. 

Table 1 Comparison of the X-ray diffraction composi- 
tion measurements (Meas.) with the simulated mean 
composition estimates (Sim.) for each of the five lay- 
ers in the GalnAs open loop growth. *Note that it was 
not possible to accurately determine the composition of 
the second and third layers using X-ray diffraction tech- 
niques because the corresponding peaks are corrupted 
by the convolution with each other (cf., Figure 3). 

Layer 
Meas.    0.479    0.485*     0.485*    0.492    0.497 
Sim.     0.477     0.483      0.487     0.493    0.499 

For the closed loop simulation, the growth coefficient (k) 
was determined to be k = 0.917 by a closed loop cali- 
bration run, in a similar manner to the open loop proce- 
dure. For the closed loop calibration run, iaa = 0.191% 
x 89.66 seem = 0.171 seem, and f/„ = 0.108% x 
194 seem = 0.2095 seem. The resulting time history for 
the simulated composition in the closed loop experiment 
is shown in Figure 5. The mean (simulated) composi- 
tion, x = 0.473 for all the layers. The corresponding 
X-ray diffraction composition estimate is x = 0.473. 
This perfect agreement supports the claims and assump- 
tions used to derive the model. The model can now be 
used to test other control schemes as is discussed in the 
next section. 

4. CONCLUSIONS AND FUTURE WORK 

The composition and thickness precision has be shown 
to improve using a relatively simple controller struc- 
ture. Greater growth parameter control requires analy- 
sis with a system model. Although detailed models of 
the MOCVD process exist, a less complex model, tai- 
lored to a control framework is more useful when ana- 
lyzing the application of control. The model developed 
herein captures the necessary process dynamics in mass 
transport and reaction kinetics and includes descriptions 
of both actuator and sensor bandwidths. The model has 
been shown to accurately estimate the composition of a 
ternary III-V compound semiconductor. 

The MOCVD system model will be useful in testing 
controller stability robustness and performance via sim- 
ulation, as the process dynamics are highly nonlinear. 
Additionally, the model was designed to examine differ- 
ent actuator/sensor configurations. Decisions regarding 
new sensor technologies, as well as what loops to close 
given a choice of actuators, will be investigated. 

5. REFERENCES 

Agrawal, G.P. and N. K. Dutta (1993). Semiconductor 
Lasers. Van Nostrand Reinhold, New York, 2nd edi- 
tion. 

Bastard, G. (1983). Appl. Phys. Lett, 43, 591. 
Biefeld, R.M and S. R. Kurtz (1995). presented at the 

Seventh Biennial Workshop on Organometallic Vapor 
Phase Epitaxy, submitted to the Journal of Electronic 
Materials. 

Blondelle, J., H. De Neve, P. Demeester, P. Van Daele, 
G. Borghs, and R. Baets (1995). Electronics Letters, 
31, 1286. 

Dupuis, R.D. (1984) Science, bf 226, 623. 
Gaffney, M.S., R. S. Smith, A. L. Holmes, Jr., C. M. 

Reaves, and S. P. DenBaars (1995a). Proc. IEEE 
CDC. p. 2490. 

Gaffney, M.S, Casper M. Reaves, Roy S. Smith, 
Archie L. Holmes, Jr., and Steven P. DenBaars 
(1995). J. of Crystal Growth, revisions submitted. 

Grantham, T. (1994). private communication. 
Jensen, K.F., D. I. Fotiadis, and T. J. Mountziaris 

(1991). J. Crystal Growth, 107, 1. 
Kobayashi, N (1994). J. Crystal Growth, 145, 1. 
Kuo, C.P., R. M. Cohen, and G. B. Stringfellow (1983). 

/. Crystal Growth, 64, 461. 
Stagg, J.P., J. Christer, E.J. Thrush, and J. Crawley 

(1992). J. Crystal Growth, 120, 98. 


