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We present an in situ technique for monitoring metal-organic vapor 
phase epitaxy growth by normal-incidence reflectance. This technique is 
used to calibrate the growth rate periodically and to monitor the growth 
process routinely. It is not only a precise tool to measure the growth rate, 
but also very useful in identifjmg unusual problems during a growth run, 
such as depletion of source material, deterioration of surface morphology, 
and problems associated with an improper growth procedure. We will also 
present an excellent reproducibility (&0.3% over a course of more than 100 
runs) of the cavity wavelength of vertical-cavity surface emitting laser 
structures with periodic calibration by this in situ technique. 

INTRODUCTION 

It has been increasingly recognized that metalorganic vapor phase epitaxy 
(MOVPE) technology is a superior platform for growth of many optoelectronic and 
electronic devices because of its high throughput, low surface defect density, continuous 
composition and doping-level grading control, and flexibility for materials and dopant 
choices.[ 11 While in situ tools, such as reflection high-energy electron diffraction 
(RHEED), are commonly used in molecular beam epitaxy (MBE), the traditional 
horizontal reactor geometry and the high growth pressure prohibit the use of such tools 
for growth monitoring. Growth temperature, pressures, and flow rates have to be 
determined in advance through an often tedious set of calibration runs to establish growth 
rates and materials properties of interest. For applications requiring accurate thickness or 
composition, e.g., growth of vertical-cavity surface emitting lasers (VCSELs), slight day- 
to-day variation in the reactor may require calibrations before each run. In this paper, we 
demonstrate the use of normal-incidence reflectance as a real-time in situ monitoring tool 
in an MOVPE reactor. 

GROWTH AND THE REFLECTANCE SETUP 

Growth was performed on an EMCORE GS3200 MOVPE rotating disk reactor. 
GaAs and AlXGal,As layers were typically grown at 750 “C by using trimethylaluminium 
( T U ) ,  trimetylgallium (TMG), and 100% arsine (AsH3). The alkyl and hydride sources 
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carried by high-purity H2 were injected into the reactor through 3 different injection zones 
distributed along the radial direction of the top flange. Gas-flow partition for alkyl 
sources among these three injection zones was set such that the gas-flow distribution was 
7%:78%:15% between the inner, middle, and outer injection zones. This was carefully 
optimized for best thickness uniformity across the whole wafer area. The reactants were 
isolated from the chamber wall with a high hydrogen flow along the shroud. Therefore, 
there is no up-stream contamination for a substrate. The substrate was rotated at 1000 
rpm. The reactor pressure was 60 torr. Group-V flow and total reactor flow were 248.5 
sccm and 32.6 slm, respectively. A 7-watt W-halogen lamp was used as the light source 
for the normal-incidence reflectance setup since the intensity output is more stable than a 
laser over a long period of time. A silicon detector through a 10 nm bandwidth 
interference filter at 633 nm was used to detect the reflectance signal. The whole assembly 
was mounted directly on the top miniflange window of the reactor. The ratio of the 
reflectance signal over a reference signal was digitized with an A/D converter card in a 
personal computer.[2] A virtual interface model was developed by using the transfer 
matrix approach. [3] This technique extracts information from the absolute reflectance of 
only the topmost layer by referencing the starting signal to the known reflectance of the 
substrate before epitaxy begins. This provides a self-calibration at the beginning of each 
growth run. It does not require any knowledge of epitaxial materials, interface position, 
thickness, or composition of underlying layers. The growth rate and optical constants can 
be determined simultaneously if the film is thick enough to produce two extrema of the 
reflectance. This provides a simple, robust, and accurate measurement of the growth rate. 

APPLICATIONS 

The reflectance signal is closely related to the growth rate, optical constants of the 
materials, growth temperature, and the wavelength of detection. In addition, it is also 
sensitive to the surface morphology as variations in surface morphology affect the 
intensity of reflected signal. In this section, we will present several examples of the 
application of this in situ technique to epitaxial growth calibration and monitoring. 

1. Growth Rate Calibration 

One of the most straightforward and useful applications of in situ reflectance is in 
the calibration of epitaxial growth rates. Figure 1 shows the temporal reflectance from a 
growth of alternating GaAs and AlAs layers with various mass flow rates. We obtained 
very clear reflectance oscillations as the AlAs film was grown on the GaAs buffer layer. 
However, the AlAs layer has a lower reflectance intensity than that of the GaAs layer 
because of its lower refractive index. This growth sequence was used to establish a 
relationship of the growth rate as a function of the mass flow of each group-111 alkyl when 
the AsH3 flow rate was fixed at 248.5 sccm and the growth temperature was 750 "C. We 
obtained growth rates by least-square fitting the data with the virtual interface model. 



Figure 2 shows the growth rate of GaAs and AlAs as a function of the flow rates of TMG 
and TMA, respectively. Note that all the data in Fig. 2 were obtained in a single 2-hour 
calibration run. The lines through the data points are from a linear fitting. This linear 
dependence indicated that the growth is in a mass transfer mode. Therefore, we only need 
to calibrate the growth rate at one point to define the slope of the calibration curve in Fig. 
2 when a recalibration is needed. It should be mentioned that the slight deviation of the 
linear fitting in Fig. 2 from the origin is due to an offset of the zero-flow calibration of the 
mass flow controllers. 
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Fig. 1 Reflectance of 6 pairs of GaAs(2500 
&/AlAs(2500 A) with different alkyl flow 
rates for growth rate calibrations. 
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Fig. 2 Growth rates of AlAs and GaAs as a 
function of the flow rate for TMA and TMG, 
respectively, as obtained from fitting to 
temporal reflectance in Fig. 1. 

2. Calibration of Etchback Rate and Correlation with C-doping Level 

This reflectance setup measures the net growth rate on the wafer, therefore, it can 
be used to detect any deviation of the growth rate from a calibrated nominal value. An 
example of measuring etchback rate during C-doped AlGaAs growth is given in this 
section. We use C from carbon tetrachloride (CCL) or carbon tetrabromide (CBr4) as ap -  
type dopant in AlxGal,As layers. C is an excellent dopant because of its low diffusivity 
and high solid solubility. However, the doping is accompanied by a parasitic etchback by 
the halogen radicals.[4] As a result, the net growth rate of AlGaAs is reduced. A detailed 
study of the doping and etchback behavior was reported elsewhere.[5] Figure 3 shows the 
reflectance during an etchback rate calibration of AlxGal,As with the doping level of 
p=2x101* ~ m - ~ .  Since the doping efficiency is different for AlXGal,As with different Al 
composition, the flow for CC14 has to be changed to maintain the same doping level. The 
flow rates for TMG, TMA, and CCL of this calibration run were designed such that the 
same nominal growth rate for AlxGal,As and the doping level of 2 ~ 1 0 ’ ~  cm” would be 
maintained. Figure 3 illustrates the growth of 5000 A of Al,Gal,As with x= 0.94, 0, 0.61, 



0.13, 0.82, and 0.34 consecutively. For each layer the first 2500 8, is undoped and the 
second part is doped with C. Table I lists the CC14 flow rates we used to achieve 2 ~ 1 0 ' ~  
cm" and the etchback rate obtained from Fig. 3 for AlxGal,As with different Al 
compositions. We can see that the growth rate reduces more for the AlxGal,As with a 
low Al composition due to a more profound etchback effect. This calibration is extremely 
important for the growth of VCSELs which typically employ C-doped AlGaAs distributed 
Bragg reflectors (DBRs). A minor deviation of the growth rate from an expected value 
will introduce a significant amount of shift in the DBR center wavelength. Once the 
etchback rate with a certain doping level is well calibrated, this in situ reflectance 
technique can be applied in reverse to identi& a severe drift of the doping level or source 
material depletion. For instance, if such a calibration as shown in Fig. 3 shows no change 
of the growth rate for doped and undoped layers, this may imply that the ccl4 source is 
depleted. 

Table I. CC14 flow rate and etchback rate for AlGaAs with a doping level of 2x10" cm-3 

x in AlxGal,As 0 0.13 0.34 0.61 0.82 0.94 

CCL Flow Rate (sccm) 3.90 0.94 0.14 0.10 0.10 0.10 

Etchback Rate (&s) 3.343 0.938 0.178 0.136 0.122 0.091 
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Fig. 3 Etchback rate calibration of AlGaAs 
with different AI compositions at a p-type 
doping level of 2x 10" 

Fig. 4 Reflectance for a typical calibration 
run. Within an hour, growth and etchback 
rates are all obtained. 

Having established a linear dependence in Fig. 2 and the calibration results from 
Table I, a re-calibration procedure requires only one growth rate determination for each 



source. Shown in Fig. 4 is the reflectance and fitted growth rates from such a calibration 
run performed immediately after changing one of the TMG bubblers (TMG1). As shown 
in Fig. 4, within a run of less than an hour, the growth rate of four separate alkyl sources 
and the etchback rate for GaAs and AlGaAs growth at 750 and 640 "C were all calibrated. 
Note that the absolute reflectance used in the virtual interface approach for fitting the data 
is obtained from the initial reflectance of the substrate material at room temperature. 
Therefore, it is very important that the calibration run be done on a wafer with known 
reflectance at the initial temperature at the beginning of the run. We use a new wafer each 
time for a calibration run starting from room temperature. 

3. Identifying Incorrect Procedure During the Growth Run 

This in situ technique not only provides a pre-growth calibration, but also can be 
used for real-time monitoring. Very often a problem can be detected by comparing the 
reflectance curve with a similar material structure which is known to be good. Figures 
5(a) and (b) show an Alo.25Gao.75As/Alo.sGao,~~As DBR structure grown on a nominally 
lattice-matched InGaP buffer layer. The wafer had a rough surface morphology for the 
run shown in Fig. 5(a). This could be caused by a number of problems, such as lattice 
mismatch of the InGaP layer to the GaAs substrate, inappropriate growth temperature or 
hydride flow rate, or the depletion of source materials. The post-failure analysis can be 
very time and effort consuming. However, by looking at the in situ reflectance acquired 
during the growth, we easily identified that there is a sharp drop of the reflectance 
intensity during the period from tl to t 2  in Fig. 5(a). This time period corresponds to a 
growth interruption for temperature ramping on the GaAs surface, but mistakenly the 
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Fig 5 Reflectance curves during the growth of Alo.25Gao.75As/Alo.~4G~.~~s DBR mirrors on an 
InGaP buffer layer grown on a GaAs substrate. (a) shows the reflectance for an unsuccessful 
growth where the reflectance intensity is seen to drop significantly during tl to t2; (b) shows 
reflectance for the improved growth procedure with correct hydride protection during the growth 
interruption. 



surface was passivated with PH3, instead of AsH3, during this interruption. Thus, some of 
the As in the GaAs surface was replaced with P, causing a rough surface. This problem 
was easily corrected with a modification to the growth interruption procedure (preserve 
the GaAs surface with AsH3). Figure 5(b) shows the reflectance of the corrected run. A 
specular surface was obtained for this sample. 

4. Correlation With Lattice-Mismatched Conditions 

Since the reflectance intensity is also fairly sensitive to sample surface morphology, 
this in situ reflectance setup can also be used to identifl the lattice-matching condition of a 
ternary or quaternary alloy qualitatively by observing surface morphology deterioration. 
Shown in Figs. 6(a) and (b) is the reflectance recorded during two calibration runs of 
InGaP growth on GaAs substrates. The InGaP layer was capped with 1000-A thick GaAs. 
Curve (a) shows that the reflectance intensity drifted downward due to the development of 
a rough surface. Even though the reflectance oscillations can be seen during the GaAs cap 
layer growth, the intensity has dropped significantly throughout the growth. On the other 
hand, nice reflectance oscillations in curve (b) suggest a very smooth surface. The 
reflectance curves for different surface morphology correlate qualitatively with the x-ray 
diffraction results; the angular separations between the diffraction peaks from the epilayers 
and the substrates are 610 and 120 arcsec for the samples with a rough surface and 
smooth surface, respectively. A normal-incidence spectral reflectance technique [6] ,  using 
a multiple wavelength source, is being added to the MOVPE reactor, and should enable 
even greater accuracy in detecting the lattice-matching conditions. 
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Fig. 6 Reflectance during growth of InGaP on GaAs substrates. (a). An apparent lattice-mismatch 
is identified fiom the decay of the reflectance intensity during InGaP growth; (b). Consistent 
reflectance intensity corresponds to a smooth surface, therefore, close to lattice-matched conhtion. 



5. Identifying Source Depletion and Determining Substrate Temperature 

Conventionally, it could take a number of runs to figure out if an alkyl source is 
depleted. With this in situ setup, on line monitoring is being accomplished during every 
run. Therefore, it is very easy to identify a problem such as an alkyl bubbler running dry. 
Figure 7 shows the reflectance for a calibration run after we suspected the depletion of the 
TMG bubbler. This was confirmed by a drastic decrease of the GaAs growth rate from 
the nominal rate (- 10 us) to the current rate (-4.54 us). Another application of this in 
situ technique is to calibrate the growth temperature. A Si wafer with 3000 A thick Al 
deposited on it may be slowly heated up while the reflectance is monitored. When the 
substrate temperature reaches the eutectic point of the AlSi alloy, the surface will become 
very rough as a result of AlSi recrystalization. Therefore, a sharp drop of the reflectance 
intensity corresponds to the sudden surface roughing at the alloy eutectic temperature, 
which is known to be 575 "C for AlSi. Figure 8 shows that the transition temperature is 
574.1323 "C as read from the thermo-couple. Therefore, the substrate temperature 
reading is indeed very close to real temperature in this temperature regime. 
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Fig 7. Reflectance from a growth run to 
identie the source depletion of the TMG 
bubbler. The drastic decrease of the GaAs 
growth rate from the nominal rate (- 10 &s) 
to the current rate (-4.54 BJs) was proof of 
the TMG bubbler depletion 
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Fig 8. Reflectance from a Si wafer coated 
with 3000 A thick Al during the ramp up of 
the growth temperature. The sharp drop of 
the intensity corresponds to the sudden 
surface roughing at the eutectic temperature 
of 575 "C. 

REPRODUCIBILITY OF THE DEVICE GROWTH 

We use the reflectance to calibrate growth rates periodically, and to monitor the 
wafer growth routinely. Figure 9 shows a typical reflectance curve of an 850-nm VCSEL 
run. We can resolve the growth of buffer layer, n-type DBRs, laser cavity region, p-type 



DBRs, and the contact cap layer clearly. With this in situ technique for growth rate and 
alloy composition calibration, the MOVPE growth runs are highly reproducible. Figure 
10 shows the Fabry-Perot cavity wavelengths for 770- and 850- VCSEL structures plotted 
as a hnction of run number. A calibration run was performed before each group of runs. 
We obtained device wavelength run-to-run reproducibility of k0.3% for both 770- and 
850-nm VCSELs over the course of about 100 runs. 
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Fig. 10. Reproducibility of the cavity 
wavelength of 770- and 850-nm VCSEL 
structures versus the growth run number. 

Fig; 9. A typical reflectance curve during an 
850-nm VCSEL run. It is used routinely to 
monitor the growth. 

SUMMARY 

In summary, we have demonstrated a simple yet precise real-time in situ 
reflectance technique which is now used routinely for the MOVPE growth of device 
structures. This technique can be used to determine the growth rate as well as to identify 
improper growth procedures and fatal occurrences during the growth run. It is extremely 
convenient to calibrate the growth rate and the parasitic etchback rate when using CCL for 
C-doping in AlGaAs. With a run of less than an hour, growth rates using multiple 
bubblers as well as the etchback rates with different doping levels at different growth 
temperatures can be calibrated. This reflectance is also shown to be usefhl for identifling 
source depletion, improper growth procedure, lattice-matching condition, and for growth 
temperature calibration. Applying the in situ calibration periodically, we have obtained 
run-to-run wavelength reproducibility of VCSELs of M.3% over the course of about 100 
runs. This technique seems to be as convenient and versatile as RHEED oscillations in an 
MI3E system. 
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