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Abetract 

Suitability of silicon photodiode detector way6 for monitoring thu spectral reflectance 

during epitaxial growtb of G a b ,  AlOaAsSb, and GaInAsSb, which have cutoff wavelengths of 

1.7, 1.2, and 2.3 pm, rcspectively, is demonstrated. These alloys were grown lattice matched to 

GaSb in a vertical mtating-disk m c t ~ r ,  which was modified to accommodate near n d  

reflectance without affecting epilaycr unifonnity. By using a virtual interface model, the growth 

rate and complex refractive index at the growth turnperawe an extracted for these alloys over 

the 600 to 950 nm spectral range. Excellent agreement is obtained between the extracted growth 

rate and that detemhed by ex-situ measurement. Optical conetants are compared to theoretical 

predictions based on an existing dielectric function model for these matedalii. Furthemwe, 

quantitative analysis of the entire reflectance spectrum yields valuable information on the 

approximate thickness of overlayers on the progrowth substrate. 

*This work was sponsored by the Department of Energy under AF Contract No. F19628-95-C- 
0002. The opinions, interpretations, conclusions and recommendations are those of the author 
and are not necessarily endorsed by the Unitad States Air Force. ' email: cjv@ll.mit.edu 

mailto:cjv@ll.mit.edu


P. 3 W Y  89 '98 82:49PM ELECT.MFIT.GR.83 

1. Introduction 

In-situ optical monitorin8 during organometallic vapor phase epitaxy (OMVPE) provides 

insight into complex growth processes, and has led to improvements in the growth process and 

the resulting materiale. Techniques for monitoring the epitaxial growth include spectral 

reflectance (SR), thermal emission, spectroscopic eKlx0lnetly (SE), reflectance diffarcnce 

spectroscopy (RDS), and surface photoabsorption [ 11. Each of these optical probes is sensitive to 

diffcrent properties of a material, and thus could be used simultaneously to obtain 

complemmtary information during epitaxial growth. For example, RDS has been demonstrated 

to be a useful method for monitoring surface processes [ZJ, while SE enables accurate 

determination of thin film refractive indices and thicknesses [33, and SR yields real-time 

information on the growth rate and complex refMve index [4]. 

Near-nmd SR is a particularly attractive technique for in-situ monitoring because it 

provides information tbat can be quickiy analyzed for closed-loop process controI(S], aad is less 

expensive and easier to implement than most other in-situ process monitors. It has bwn 

demonstrated as a useful tool for in-situ monitoring of OMVPE m-V arsenides 14-61, phosphides 

[7,8], and nitrides 193. For those materids 6ystems, si detectors were used. However, since 

antimonide-based alloys have d l e r  bandgaps and higher absorption o w  the Si wavelength 

range (typically 400-1100 nm), it is not apparent whethex Si detectors would be acceptable for 

monitoring the growth of antimonide-based materials. Previous work in InP-based materials 

indicated that abeorption was significant in the wavelength range of the silicon detector, and 

improved results were obtained by using a PbS detector to cxtend the wavelength range to 2500 

nm[7,8]. 
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Since it is desirable to we off-the-shelf, readily available components to maintain low 

costs, we investigated the usefulness of a conventional Si photodiode m a y  (PDA) for monitoring 

in-situ the SR during growth of m-V antimonide-based materials. We demonstrate that a Si PDA 

can provide sufficient SR €or G a b ,  AlOaAsSb, and GdnAsSb. Extracted growth rates compm 

favorably with layer thicknesses determined ex-situ using double crystal x-ray diffraction 

(DCXD). information obtained from quantitative analysis of the entire reflectance spectnun is 

discussed, and optical constants at the growth temperature are presented in terms of an cxhting 

dielectric function model [SO, 1 I], 

2. Erptrfnrencal procedure and readdr development 

Figure 1 shows a schematic diagram of the experimental setup. Optical fibers are used to 

direct white light from a 3 W tungsten halogen lamp to the vertical rotating-disk reactor, and the 

reflcctcd signal to the Si PDA spectrometer, which interfaces directly to the computer. The Si 

spectrometer is a commercial 512 element array with a wavelength range of 380 to 1100 nm and 

2,4 nm resolution. Integration timos as low as 10 ms may bc used to acquire spectra, although for 

OW 8rowth rates a one second integration time was sufficient. The unit is compact and entirely 

contained on a PC card that plugs directly into a computer expansion slot. The spectrai response 

as a function of growth time was acquired via a Windows-based program and stored to disk. 

Quantitative analysis of the reflectance was performed using a virtual interface model [4] to yicld 

the growth rate and complex refractive index. 

The vertical matingdisk reactor utilizes a mesh screen to ensure plug flow into the reactor 

[12], and was modified to incorporate an optical window at the center of the mesh. The diameter 

of the optical window is constrained by epitaxial growth nonuniformities and hetemstructure 
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grading that could occuf if the unswept volume below the window is too large. In order to assess 

the effects of window diameter on growth, numerical simulations of the flow and temperature 

fields were peifomed for the reactor under typical growth conditions: IO-cm-diam quartz tub,  

15 cm inlet-to-susceptor distance, 10 slpm H2 carrier flow rate, 150 Torr reactor pssure, 650°C 

susceptor temprature, and 400 rpm susceptor rotation rate. The window radius was either 1.25 

or 2.34 cm. For the 1.25-crn-radius window, shown in Fig. 2a, the gas sweeps out the volume 

below the window with minimal change in temperature and flow fields compared to those 

computed without the window 1121. Consequently, the epitaxial growth characteristics a~ 

preserved. When the window radius is inceased to 2.54 cm, shown in Fig. 2b, gas expandm 

results in a recirculation below the window which can lead to heterostnrctum with graded 

interfaces. Because of high gas diffusivity, layer unifodty is unaffected by the larger optical 

window. The optical window wed in these experiments has a 1.1 cm radius. 

GaSb, GzriaAsSb, and AlQaAsSb epiiayers were grown in a vertical rotating-disk reactor 

with H2 carder gas at a flow rate of 10 s i p  and reactor pressure of 150 Ton, as described 

prcviousf y [ 13). Triethylgalliurn, trimethylindium, tritertiarybutylaluininuluminum, trimethylantimony , 

and tcrtiarybutylarsine wcrc used as precursors. Layers were grown at 525 or 550°C on Te-dopcd 

OaSb or semi-insulating GaAs substrates, (100) misorimtad 6' toward (1 11)B. Epitaxial layer 

thickness was detsnnined by using DCXD. 

3. Resrrlts and discussion 

3.1 Orowth rates and optical constants 

Figure 3 shows the SR as a function of time at 800 nm for the following layers grown 

lattice matched to a GaSb substrate: GaSb buffcr layer, AlGaAsSb, OaSb, GaInAsSb, and M b .  

Tho cutoff wavelength h at 25°C of the G a b ,  AlGaAsSb, and GsInAsSb is 1 .?, 1.2, and 2.2 pm, 
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respectively. The beginning of tach layer is indicated in the figure. The SR is characterized by 

small amplitude, high fraquency oscillations superimposed on larger amplitude, smaller 

frequency oscillations related to epilayer growth. The small amplitude, high frequency 

oscillations are noise resulting from wobble of the rotating wafer. 

Quantitative analysis of the SR rcquireS a minimum degree of transparency of the growing 

layer. Ideally, at lcast one full period should exist for accurate curye fitting analysis. However, 

bccausc absorption becomcs significant for wavdengths much lrmallcr tban the bandgap of the 

layer, the oscillation amplitude decreases with increasing growth time. Figure 3 confinns that for 

a wavelength of 800 nm, at least one oscillation occurs before the onset of significant absorption 

in all three materials, indicating that Si photodiode arrays arc suitable for monitoring the growth 

of these IU-V antimcmidcs. 

Figurn 4 shows the SR at 550 and 850 nm as a hutcticrn of time for GaSb grown lattice 

mismatched on a GaAs substrate, At 550 nm one period is 215 s long, while at 850 nm the period 

is 335 s. Oscillations in the refhctancc damp out much more slowly at 850 nm than at 550 nm 

because of the lower absorption of GaSb at longer wavelengths. However, the largez oscillation 

period requires a longer growth time before the growth rate and optical constants can bc 

accurately determined. These results show that the particular advantage of using SR instead of 

single wavelcngtfi reflectance is that various materials and layer strtrctuns an better monitored 

at different wavelengths. For example, it may be preferable to monitor the growth of thick layers 

at the longcr wavelengths so the pwth rate can be extracted for extcnded time periods. 

Alternatively, shorter wavelengths would be more appropriate for mnitoring thin layers, such as 

quantum well B ~ I U C ~ S .  

5 
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The grbwth rate of GaInAsSb with h - 2.3 pm, grown lattice matched to GaSb, WBS 

extracted using the virtual interface model [4] for several wavelengths between 600 md 850 nm. 

The results indicate a film thickness of 2875 A f200 A , which compates extremely well to the 

actual thickness of 2832 A detanniatd by ex-situ DCXD. SR in the range of 750-850 nm gave 

thickness values within S% of each other, whik the error increased when shorter wavelengths 

were used. Another advantage of using SR over single wavelength reflectance is the over- 

determination of the film thickness which results in a more reliable value. 

Figms 5 (a) and (b) show the extracted optical constants (n and k) at SJOOC for GaSb 

grown on a GaAs substrate, and the theoretical values for unstrained GaSb at S50°C. Also shown 

are theomticat and experimental values 114) at 25°C. The t h d c a l  values are based on B model 

dielectric function [lo, 11, 15, 163 which calculates the imaginaty component of the dielectric 

function (EJ(w), where e(o)=e1(o)-i*~(o) is the complex dielectric constant), and. then uses 

J(ramtrs-Krcmig analysis to dctenniae the red part of the dfelectric function, The complex 

refractive index is calculated from the complex dielectric function, and further calculations 

enable ptedictions of the reflectance and absorbance. The imaginary component of the dielectric 

function, ~ ( c o ) ,  is obtained by considering contributions from various critical points in the 

material (i.c., thc various interband transitions: 6, &&, El, El+At, etc.). The effect of each 

critical point depends on t h o  parameters: its size (bandgap), the strength of the transition, and 

the lifctimc broadcning of the transition. A pow& feature of this model is its ability to 

account for the effect of perturbations (such as temperature and strain) on the dielectric hmction. 

Theoretical reflectance spectra as a function of temperature for GaAs and OaSb are in good 

agreement with experimental results shown in Figs. 6 (a) and (b), providing confidence in the 

theoretical values of n and b shown in Figs. 5 (a) and (b). 
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The discrepancy between the extracted and themtiad optical constants at SSOT shown in 

Fig, 5 may be due to the 8% lattice mismatch between GaSb and GaAs. It is likely that the GaSb 

layer is retaxed and a high density of misfrt dislocations are preseRt at the interface. The efftcts 

of scattering at the interface as a result of misfit dislOCation6 have not been included in the virtual 

inter€me model; therefore, those results should differ from values obtained for unsuained GaSb. 

Figures 7 and 8 show the extracted optical constants for AlGaAsSb and GalnAsSb layers 

grown lattice matched to Gab. In theory, refractive indices for ternaries and quaternaries can be 

obtained by combining the functions for the constituent binaries [Ref. 10, pp. 289-911. 

Unfortunately, little information is available about the refractive indices of AlGaAsSb and 

OalnAsSb in the Si detector wavelength range (especially at the elevated p w t h  temperam), 

Thenfore, comparison of our extracted data to literature values is not possible. 

3.2 Oxide overlayers 

SR can alsobe useful for detcmining the presence of overlayers on a substrate. Figure 9 

compares theoretical SR for *‘clean’* Oasb, GaSb with a 20 A oxide layer, and OaSb with a 60 A 
oxide layer. The oxids nfractive index used for the calculations was taken from published data 

in refercnces 17 and 18. Also shown in Fig. 9 is the SR for a GaSb substrate which had been 

etched and exposod to air for several days. The wavelength range of the Si detectar may  is woli 

matched to detecting thc presence of the oxide overlayer because the dielectric function is most 

sensitive to oxide overlayers at energies above the Et transition, which is about 600 nm in GaSb 

at 2S°C 1171. For wavelengths with euer&es below this transition, the reflectance is barely 

affected by the presence of an oxide, and thus reflectance at 10- wavelengths would not be 

suitable for this purpose. Cwve fitting the measured SR to a GaSb substratdthin oxide 

film/ambient model mults in an oxide film thickncss of about 50 A, which is in good agreement 
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with typic& 01x6 of 50-60 A determined for GaSb under similar conditions [17]. Since clean, 

oxide-free substrate sutfaces are very important for high quality epitaxial growth, these results 

illustrate that quantitative analysis of the SR from the substrate before growth yields insight into 

the quality and consistency of the wafer preparation process. 

4, s u v  

Near-nomal spectral reflectance using a Si photodiode amy has been dernonstratud as a 

useful tool for monitoring the growth of III-V antimonide-based alloys. Growth fates extracted 

from the reflectance signal at various wavelengths cumpare favorably with film thicknesses 

measured ex-situ using DCXD. Optical constants at the growth ternperam of 550°C have also 

been extracted from the ref'iectance €or Gab,  AIGaAsSb, and GaTnAsSb; and the values for 

GaSb have been compared to theoretical predictions based on aa existing dieIectric function 

model. Furthermore, the usefulness of examining the SR as a tool for monitoring the quality of 

the pregmwth wafer preparation process has been discussed. 
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Figure 1, Schematic diagram of the experixnental setup €or in-situ process monitoring using near- 
normal spectral reflectance. 
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Figure 3. Reflectance at 800 nm of GaSb, AlGaAsSb, and GaInAsSb, on GaSb. (The 
noise in the signal is due to sample wobble.) 
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Figure 7jb). Imagirwy part of the refractive index for AlGaAsSb (bandgap = 1.2 pn at 
25°C) at 350°C. Determined by reflectance of AlGaAsSb on GaSb (shown in Figure 3 for 
800 nrn). 
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