
COLLOID FORMATION IN As2O3 - DOPED GALLIUM SILICATE 
GLASSES 

 
 
 

BY 
 

KODY BORNSTEIN 
 
 
 
 

A THESIS 
SUBMITTED TO THE FACULTY OF 

 
 

ALFRED UNIVERSITY 
 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 

 
 

MASTER OF SCIENCE 
 

IN 
 

MATERIAL SCIENCE AND ENGINEERING 
 

 
 

 

ALFRED, NEW YORK 
 

JANUARY, 2013 
 



Alfred University theses are copyright protected and 
may be used for education or personal research only.  
Reproduction or distribution in any format is 
prohibited without written permission from the author. 



COLLOID FORMATION IN As2O3 - DOPED GALLIUM SILICATE 
GLASSES 

 
BY 

 
KODY BORNSTEIN 

 
B.S. ALFRED UNIVERSITY (2010) 

 

 

 

SIGNATURE OF AUTHOR   

  
 
 
APPROVED BY   

 S.K. SUNDARAM, ADVISOR 
 
 
    

 ALEXIS G. CLARE, ADVISORY COMMITTEE 
 
 
    

 MATTHEW M. HALL, ADVISORY COMMITTEE 
 
 
    

 CHAIR, ORAL THESIS DEFENSE 
 
 
ACCEPTED BY    

 DOREEN D. EDWARDS, DEAN 
 KAZUO INAMORI SCHOOL OF ENGINEERING 

 

 

lacourpc
Typewritten Text
(Signature on file)

lacourpc
Typewritten Text
(Signature on file)

lacourpc
Typewritten Text
(Signature on file)

lacourpc
Typewritten Text
(Signature on file)

lacourpc
Typewritten Text
(Signature on file)

lacourpc
Typewritten Text
(Signature on file)



ACKNOWLEDGMENTS 

I would like to take this time to thank my wife Nicole for all of the sacrifices she 

has made, so that I could get my masters degree. Also, tons of thanks go out to her for 

pushing me everyday to get my project and paper completed. 

 

Thank You for all of your help: 

Dr. Sundaram 

Dr. Hall 

Dr. Clare 

Dr. Shelby 

Gerald Wynick 

        

iii 



TABLE OF CONTENTS 

 Page 
Acknowledgments ................................................................................................................ iii�

Table of Contents ................................................................................................................. iv�

List of Tables ........................................................................................................................ vi�

List of Figures ..................................................................................................................... vii�

Abstract ................................................................................................................................ xi�

I.	 INTRODUCTION...................................................................................................... 1	
II.	 LITERATURE REVIEW ......................................................................................... 2	

2.1 � Permeation .................................................................................................................... 2�

2.2 � Gallium in the Glass Structure ...................................................................................... 5�

2.3� Hydroxyl Formation in Glasses .................................................................................... 5�

2.4� Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectroscopy .................................. 6�

III.	EXPERIMENTAL PROCEDURE........................................................................... 7	
3.1 � Glass Preparation and Heat Treatment ......................................................................... 7�

3.2 � Cutting and Polishing ................................................................................................... 8�

3.3 � Hydrogen Reduction Process ........................................................................................ 9�

3.4 � Spectroscopy ............................................................................................................... 11�

3.5 � X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) ....................................... 11�

3.6 � Environmental Scanning Electron Microscopy (ESEM) ............................................ 11�

IV.	RESULTS ................................................................................................................. 12	
4.1 � Glass Properties .......................................................................................................... 12�

4.2 � Optical and Scanning Electron Microscopy ............................................................... 15�

4.3 � Ultraviolet-visible Spectroscopy ................................................................................ 19�

4.4 � Fourier Transform Infrared (FTIR) Spectroscopy ...................................................... 23�

4.5 � X-Ray Diffraction (XRD) ........................................................................................... 29�

V.	 DISCUSSION OF HYDROGEN ............................................................................ 30	
5.1 � Glass Properties .......................................................................................................... 30�

5.2 � Colloidal Formation .................................................................................................... 31�

VI.	DEUTERIUM ........................................................................................................... 34	
6.1 � Glass Properties .......................................................................................................... 34�

6.2 � UV-Vis Spectra ........................................................................................................... 35�

6.3 �FTIR Spectra ................................................................................................................ 39�

iv 



6.4 � Discussion of Deuterium ............................................................................................ 43�

VII.	 CONCLUSION ...................................................................................................... 46	
VIII.	FUTURE WORK .................................................................................................. 47	
          REFERENCES ...................................................................................................... 48	
          APPENDIX ............................................................................................................ 50	

v 



LIST OF TABLES 

 Page 

Table I: � Sample ID, Glass Compositions, Average Tg Values (˚C), Heat Treatment 
Temperatures (˚C), and Total Treatment Time for Hydrogen and Deuterium 
(Hrs) .................................................................................................................. 8�

Table II: Glass Transition Temperatures (˚C) For Pre And Post Hydrogen For All Sample 
Compositions .................................................................................................. 12�

Table III: Calculated UV-Edge For Pre and Final Heat Treatments For All Hydrogen 
Treated Samples .............................................................................................. 20�

Table IV: Glass Transition Temperatures (˚C) For Pre Treatment And Post Hydrogen .. 34�

Table V: Calculated UV-Edge For Pre And Final Heat Treatments For All Samples In 
Deuterium And A Comparison With Hydrogen For Composition D ............. 36�

 

vi 



LIST OF FIGURES 

 Page 

Figure 1: Image of custom hydrogen or deuterium furnace. .............................................. 9�

Figure 2: Image of custom platinum sample holder. ........................................................ 10�

Figure 3: Representative DSC plot for composition C2 using the on-set point to calculate 
Tg (˚C). ............................................................................................................ 13�

Figure 4: Pre and post hydrogen treatment Tg values vs. wt% As2O3; A) composition B, 
B) composition C, C) composition D. ............................................................ 14�

Figure 5: Representative EDS plot for a sample containing arsenic. ............................... 15�

Figure 6: Progression of reduction from 0.0-1.0 wt% As2O3 for composition D after 
numerous heat-treatment cycles. ..................................................................... 16�

Figure 7: Back-scattered electron micrograph of a fractured surface of composition B5 
sample after 216 hrs of hydrogen treatment at a 500X. .................................. 17�

Figure 8: Back-scattered-secondary electron micrograph of a fractured surface of 
composition B5 sample after 216 hrs of hydrogen treatment at 50,000X. ..... 17�

Figure 9: Back-scattered electron micrograph of a fractured surface of composition D5 
sample after 216 hrs of hydrogen treatment at 1,000X. .................................. 18�

Figure 10: Back-scattered electron micrograph of a fractured surface of composition D5 
sample after 216 hrs of hydrogen treatment at 5,000X. .................................. 18�

Figure 11: Secondary electron micrograph of a fractured surface of  composition D5 
sample after 216 hrs of hydrogen treatment at 20,000X. ................................ 19�

Figure 12: Representative plot of the visible absorbance changes during reduction for 
samples containing no arsenic. Spectra are from D11. ................................... 21�

Figure 13: Representative plot of the visible absorbance changes during reduction for 
samples containing 0.1-1.0 wt% arsenic. Spectra are from D12. ................... 21�

vii 



Figure 14: A) Representative plot of Rayleigh scattering behavior: absorbance versus 
(1/λ4), (1/nm4), for a sample with arsenic. Spectra are from D12 at 216 hours. 
B) Representative plot of Rayleigh scattering behavior for a sample with no 
arsenic. Spectra are from D11 at 216 hrs. ....................................................... 22�

Figure 15: Representative IR spectra for glasses of composition B11. ............................ 24�

Figure 16: Representative IR spectra for glasses of composition B4. .............................. 25�

Figure 17: Representative IR spectra for glasses of composition C11. ............................ 25�

Figure 18: Representative IR spectra for glasses of composition C2. .............................. 26�

Figure 19: Representative IR spectra for glasses of composition D11. ............................ 26�

Figure 20: Representative IR spectra for glasses of composition D5. .............................. 27�

Figure 21: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition C. ....................................................................... 27�

Figure 22: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition D with hydrogen. ............................................... 28�

Figure 23: Representative X-ray diffraction plot for all glass compositions before and 
after heat-treatment. Spectra are from B5 sample before hydrogen treatment.
......................................................................................................................... 29�

Figure 24: Illustration of gas molecules reacting with the surface of a sample in planar 
geometry, as proposed by the tarnishing model. ............................................. 32�

Figure 25: Pre and post hydrogen and deuterium transition temperature values plotted 
against wt% arsenic for composition D. ......................................................... 35�

Figure 26: Plot of the visible absorbance changes during reduction with deuterium for 
composition D11. ............................................................................................ 37�

Figure 27: Representative plot of the visible absorbance changes during reduction with 
deuterium for samples containing 0.1-1.0 wt% arsenic. Spectra are from D12.
......................................................................................................................... 37�

Figure 28: A) Representative plot of Rayleigh scattering behavior: absorbance versus 
(1/λ4), (1/nm4), for a sample with arsenic in deuterium atmosphere. Spectra 

viii 



are from D12 at 219 hours. B) Representative plot of Rayleigh scattering 
behavior for a sample with no arsenic. Spectra are from D11 at 219 hrs. ...... 38�

Figure 29: IR spectra for glasses of composition D11 treated in deuterium. ................... 40�

Figure 30: IR spectra for glasses of composition D12 treated in deuterium. ................... 41�

Figure 31: IR spectra for glasses of composition D14 treated in deuterium. ................... 41�

Figure 32: IR spectra for glasses of composition D5 treated in deuterium. ..................... 42�

Figure 33: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition D with deuterium. .............................................. 42�

Figure 34: Comparing the effect of the square root of heat-treatment time on the change 
in IR absorbance with sample D5 in hydrogen and deuterium. ...................... 43�

Figure 35: Plot of the visible absorbance changes during reduction with hydrogen for 
composition B11. ............................................................................................ 50�

Figure 36: Plot of the visible absorbance changes during reduction with hydrogen for 
composition B2. .............................................................................................. 51�

Figure 37: Plot of the visible absorbance changes during reduction with hydrogen for 
composition B4. .............................................................................................. 51�

Figure 38: Plot of the visible absorbance changes during reduction with hydrogen for 
composition B5. .............................................................................................. 52�

Figure 39: Plot of the visible absorbance changes during reduction with hydrogen for 
composition C11. ............................................................................................ 52�

Figure 40: Plot of the visible absorbance changes during reduction with hydrogen for 
composition C2. .............................................................................................. 53�

Figure 41: Plot of the visible absorbance changes during reduction with hydrogen for 
composition C4. .............................................................................................. 53�

Figure 42: Plot of the visible absorbance changes during reduction with hydrogen for 
composition D14. ............................................................................................ 54�

ix 



Figure 43: Plot of the visible absorbance changes during reduction with hydrogen for 
composition D5. .............................................................................................. 54�

Figure 44: Plot of the visible absorbance changes during reduction with deuterium for 
composition D14. ............................................................................................ 55�

Figure 45: Plot of the visible absorbance changes during reduction with deuterium for 
composition D5. .............................................................................................. 55�

Figure 46: Representative IR spectra for glasses of composition B2. .............................. 56�

Figure 47: Representative IR spectra for glasses of composition B5. .............................. 56�

Figure 48: Representative IR spectra for glasses of composition C4. .............................. 57�

Figure 49: Representative IR spectra for glasses of composition D12. ............................ 57�

Figure 50: Representative IR spectra for glasses of composition D14. ............................ 58�

Figure 51: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition B. ....................................................................... 58�

 

 
 

x 



xi 

ABSTRACT 

Colloid formation in As2O3-doped alkali galliosilicate glass was studied via 

reduction of Ga and As in a galliosilicate glass matrix. The colloids were formed by heat 

treatment of the glasses in a hydrogen H2 or deuterium D2 atmosphere. The heat-

treatment temperature and duration were varied in optimizing the nucleation and growth 

processes. X-ray diffraction (XRD), differential scanning calorimetry (DSC), ultraviolet-

visible-near infrared (UV-Vis-NIR), and Fourier transform infrared (FTIR) 

spectroscopies were used to study the kinetics and dynamics of the processes. Hydroxyl 

ion formation in these glasses was correlated to the formation of colloids of Ga or As or 

some combinations of thereof. Colloid formation was supported by environmental 

scanning electron microscopy (SEM) and energy dispersion spectrometer (EDS). 

Absorbance versus (1/λ4), (1/nm4) plots suggested Rayleigh scattering, though quantum 

size effects could not be experimentally verified. Square root dependence of heat-

treatment time on the change in IR absorbance suggested a diffusion-controlled process. 

Spectroscopic evidence showed increasing hydroxyl concentration with treatment time in 

hydrogen atmosphere, while hydroxyl concentration decreased in deuterium atmosphere 

due to the removal of pre-existing hydroxyl and isotope exchange.  

  

 

 



 

INTRODUCTION 

 The use of GaAs is widely recognized as a superior semiconductor material due to 

its high efficiency and electrical and optical properties of thin film solar cells compared 

to silicon [1]. Traditional glass melting techniques cannot be used with III-V 

semiconductors compared to I-VII and II-VI semiconductors in glass because of high 

temperatures and oxidizing conditions required for processing. Alternatively, Ga and As 

can be incorporated into a glass matrix as ions and then using specific progressive 

reductive heat treatments in a gaseous atmosphere containing a reducing gas (e.g., 

hydrogen or deuterium) to reduce it to form GaAs colloids in the glass matrix. 

  By varying the glass composition and heat treatment schedule (thermal history), 

the color of the glass, which can be attributed to metallic colloidal scattering and 

quantum absorption, can be controlled. The mechanism for metallic colloidal scattering 

and quantum absorption is controlled by the initial reduction of the ion to the atomic state 

and then diffusion through the glass to nucleation sites, where the growth of colloidal 

particles increase in size with time. The reduction process was generally accompanied by 

an increase in the hydroxyl concentration in the glass. The hydroxyl group can be used to 

establish the extent of reduction and colloidal formation in the glass [2-7]. 

This present thesis is divided into two sections based on the external reducing 

agent, hydrogen and deuterium atmosphere. Several glass compositions were prepared 

via traditional glass melting and heat treatments with varying arsenic weight percent. The 

reduced glass samples were then characterized using Fourier transform infrared 

spectroscopy (FTIR), ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy, 

differential scanning calorimetry (DSC), and X-ray diffraction (XRD). 
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LITERATURE REVIEW 

For hundreds of years colloids, including but not limited to Ag, Au, Cu, As, Sn, 

Sb, have been used in glass to produce vibrant colored glasses through a variety of well 

known techniques, e.g., the striking method or ion-exchange method [2, 8, 9]. The 

formation of colloids has been the focus of numerous studies, where the metal can be 

incorporated into the glass as ions and then reduced to the atomic state through specific 

heat treatments [2, 8]. External reducing agents can also be introduced into the melt when 

colloidal formation is difficult with an internal reducing agent (e.g., Ag, Au, Cu, As, Sn, 

Sb) or if a glass does not contain any internal reducing agents. The use of hydrogen gas is 

the most commonly used as an external reducing agent at temperatures in, or just below, 

the glass transformation range [2-4, 8, 10]. This process results in the formation of a 

reacted subsurface layer of colloids in the glass. This layer gradually progresses into the 

bulk of the sample with prolonged heat treatments. On the contrast, an internal reducing 

agent results in a uniform distribution of colloids throughout the glass [5, 8, 10].  

 The use of hydrogen near the glass transformation region results not only in 

diffusion through the glass structure, but bonding of hydrogen to a reaction site such as a 

reducible ion that will thermodynamically accept electrons from hydrogen, or a defect. If 

hydrogen reacts with a reducible ion by donating electrons, hydroxyl groups are also 

formed to balance the charges associated with the remaining oxygen in the glass structure 

[9, 11].  

2.1   Permeation  

  The first step in the reduction process is the permeation of hydrogen through the 

free volume of the glass network. When molecular hydrogen reacts with non-bridging 

oxygen (NBO) in the glass structure, a number of different hydroxyl groups can form and 

transfer one electron to the previously bound dopant ion [5-7] i.e., a dopant of valence 

two creates two NBO per ion. A standard reaction of a hydrogen molecule and a 

multivalent ion in glass is described by: 
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+H2 → R0 +2 Si−OH( )   RO     (1) 

 

where R represents some arbitrary 2+ ion dissolved in a silicate glass. With long enough 

heat treatments, the dopant ion is reduced to its atomic state first. Then, it becomes 

mobile and agglomerates eventually forming colloids [12]. The reduction process can be 

described by a “tarnishing model” for prediction of permeation-controlled reactions 

involving hydrogen or deuterium molecules to the reaction sites. This model is based on 

the assumptions that the reaction sites are immobile, that the rate of the reaction is 

significantly faster than the rate of diffusion of the reducible ions, the concentration of 

mobile species is independent of time in absence of the reduction reaction, and the 

reaction goes to completion [11, 13]. The diffusion-controlled reaction creates a sharp 

moving boundary consisting of a reacted region and an unreacted region within the glass 

that form a constantly moving interface until the reaction has been stopped or there are no 

more reaction sites. The tarnishing model relates the reacted layer thickness (X) with the 

reaction time (t), the concentration of dissolved gas in the glass (Cs), the diffusivity of 

gaseous species in the glass (D), and the initial concentration of reaction sites (Cx), in the 

given expression by Shelby [13] and other researchers [5, 7]. 

2tCsD( )
Cx

    X =      (2) 

 

The fractional concentration of the reacted species can often be determined by using the 

expression: 

C −Ci

Cf −Ci

= 8KPt
CxL

2     (3)       

 

where C is the concentration of reacted species, Ci is the initial concentration of reacted 

species, Cf is the final concentration of reacted species, K is the permeability of the gas, P 

is the gas pressure, t is the time elapsed, Cx is the concentration of reaction sites, and L is 

the sample thickness [14]. Experimentally, the tarnishing model is applied to plate 
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geometry to monitor the fraction of reacted species through measurements of ultraviolet-

visible-near infrared (UV-Vis-NIR) spectroscopy. It has also been shown that the relative 

change in hydroxyl absorbance can be plotted as a function of the square root of 

treatment time per unit thickness and used in conjunction with the Beer-Lambert law to 

determine the concentration of reaction sites [9, 13]. This law can be applied to calculate 

the concentration of reaction sites, Cx, if the extinction coefficient ε of the absorbing 

species, ε, is known: 

 

      ΔA =CxεL      (4) 

 

Shelby [13] has successfully applied the tarnishing model to calculate the permeability of 

hydrogen molecules in glasses with and without reducible species present and found 

outstanding agreement with measured permeability.   

  Tuzzolo et al.[3] have studied the coloration of glasses containing arsenic exposed 

to hydrogen in the glass transformation range in a variety of glasses, and attempted to 

apply the tarnishing model to this system. With increasing time of exposure to hydrogen 

the glasses changed to a dark brown color and a broad optical absorption is observed in 

the visible region. The coloration is believed to be a result of the reduction of As+5 and 

As+3 states to its elemental state, i.e. 

 

2As3+ +3H2 = 2As0 +6H +

2As5+ +5H2 = 2As0 +10H +
   (5)       

 

The reduction process is correlated to an increase in the hydroxyl concentration in the 

glass. The proposed mechanism for the coloration is metallic colloidal scattering, but the 

changes in optical absorption with treatment time is neither linear with treatment time nor 

with the square root of treatment time [3]. This is most likely a result of the As+5 being 

reduced to atomic state. Another proposed mechanism for the coloration is quantum 

confinement effect that takes into account the size of the confined semiconductor colloids 

[15]. These reduced atoms agglomerate and affect the optical absorptions. But, these 

agglomerations and subsequent optical absorption changes are most likely diffusion-
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based nucleation and growth mechanisms [7, 12]. The study of deuterium has also been 

used on the same glass compositions and heat treatments and has shown to differ by a 

factor of the √2 compared to hydrogen [3]. This in part is due to the relative permeability 

of H2 and D2 given by the square root of their mass ratio, i.e., √2. 

  Shelby and Tuzzolo [4] have studied hydrogen-induced formation of metallic 

clusters of arsenic, antimony, and bismuth in a variety of glasses. They have noted that a 

darkened layer formed at the surface is from subsequent diffusion of the atoms to 

growing nuclei to form colloids, which increase in size with time. Hydroxyl 

concentration and the thickness of the colored layer increase linearly with the square root 

of treatment time, and the coloration is related to a Rayleigh type of scattering. The 

authors have noted that the particles growth must be a function of the concentration of 

atoms available in the glass and their atomic size and thus the rate at which they diffused. 

The authors have interpreted the darkening rates in terms of initial oxidation states of the 

ions, the permeability of the glass, and the mobility of the atoms in the glasses [7]. 

2.2   Gallium in the Glass Structure 

  Based on structural models of alkali aluminosilicate glasses, studies of alkali 

galliosilicate glasses indicate that gallium can be related to aluminum in comparable 

alkali silicate glasses [11, 16-20]. Depending upon the gallium to alkali ion ratio the 

model proposes that gallium enters the alkali silicate glass network in a four-fold 

tetrahedral coordination (GaO4/2)- and act as network modifiers with the remainder a 

network former, and the glass becomes progressively more cross-linked, leading to 

conversion of NBO ions into bridging oxygen. When the gallium to alkali ion ratio is 

roughly 1-1.1, the glass is fully linked with all alkali ions associated with (GaO4/2)- 

tetrahedra. For gallium added in excess of that needed for full polymerization of the glass 

again enters the glass as a network modifier [16-20]. 

2.3  Hydroxyl Formation in Glasses 

 FTIR spectroscopy is used to study the characteristic changes in hydroxyl 

concentration by relating vibrational transitions of the structure, the IR-edge, or impurity 
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absorptions due to gases [13]. The findings of this report are focused on structural 

vibrations, in particular that of hydroxyl, OH, ions. The hydroxyl band is typically 

reported as three bands in the range of 4,000-2,000 cm-1. “Free” hydroxyl is typically 

located at ~3,500 cm-1 and is not hydrogen bonded to any other atoms or moieties nearby 

in the structure. “Hydrogen-bonded” hydroxyl, thought to be from nearby non-bringing 

oxygen, is typically located at ~2,700 cm-1. The third band attributed to stronger 

“hydrogen-bonded” hydroxyl is located within the shoulder at ~2,300 cm-1 [9, 13]. The 

amount of hydroxyl in the glass can be calculated by using:  

 

COH = 17000
xd

A3500

ε3500

+ 4 / 3 A3500

ε3500

⎛

⎝
⎜

⎞

⎠
⎟   (6) 

 

where COH is the concentration of hydroxyl in ppm,  x is the sample thickness (cm), d is 

the glass density (g/cm3), A is the intensity of the absorbance of the band in question, and 

ε is the extinction coefficient [5, 7]. As our samples did not reach full saturation 

conditions, we did not calculate the concentration. 

2.4  UV-Vis-NIR Spectroscopy 

UV-Vis-NIR spectroscopic data are generally related to Rayleigh scattering 

behavior, suggesting a colloidal scattering mechanism [12]. All oxide glasses exhibit an 

UV edge, where wavelengths of higher energy light cannot be transmitted and a shift in 

the edge to longer wavelengths (lower energy) occurs with increases in the NBO content 

of a glass [7]. Rayleigh scattering of particles smaller than the wavelength of light 

explains coloration in the glass. This scattering is inversely proportional to the 

wavelength raised to the 4th power (1/λ4), which implies that shorter wavelengths scatter 

light much more than longer wavelengths [3, 5, 7, 12]. 
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EXPERIMENTAL PROCEDURE 

3.1   Glass Preparation and Heat Treatment 

Traditional glass processing was used to melt several glasses from reagent grade 

mixtures of Na2CO3, Ga2O3, SiO2, and As2O3. Samples were prepared from 40 gram 

batches having a nominal composition of 20Na2O-xGa2O3-(80-x)SiO2 on the basis of 

work by Lapp and Shelby [16]. Three compositions of alkali galliosilicate glasses were 

made with systematically varying wt% arsenic. The powders were dry mixed in silica 

pestles using a ceramic mortar to shear and mix the powders thoroughly prior to melting.  

Batches were melted in a 90Pt/10Rh crucible in an ambient atmosphere for 4 hours at 

1680˚C in an electrically heated box furnace.  

The glass transition temperature (Tg) was determined using a TA instruments 

DSC 2910 differential scanning calorimeter with Thermal Advantage and Universal 

Analysis software and analyzing the heat flow data by the onset intercept method for each 

glass before and after treatment. The DSC was heated at 20˚C/minute in platinum pans 

with a flowing nitrogen atmosphere.  The samples were then annealed for 1 hour at the 

glass transformation temperature, and slowly (1-2 K/min) cooled to room temperature. 

The Tg was found to be accurate within ±3˚C. Heat-treatment temperatures were chosen 

to be about 40˚C below the Tg values. The glass compositions, heat treatment 

temperatures, and corresponding Tg values are listed in Table I. The samples were also 

characterized using x-ray diffraction (XRD). The glasses were found to be amorphous. 
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Table I:  Sample ID, Glass Compositions, Average Tg Values (˚C), Heat Treatment 
Temperatures (˚C), and Total Treatment Time for Hydrogen and Deuterium 
(Hrs) 

 

Treatment 
Temperatures 

(˚C) 

Total Treatment 
time Hydrogen/ 
Deuterium (hrs) 

Sample 
ID 

Glass 
Composition 

Average Tg 
(˚C) 

20Na2O-5Ga2O3-75SiO2     

H
yd

ro
ge

n 
R

ed
uc

tio
n B11  0.0 wt% As2O3 518 216/X 

B2 0.1 wt% As2O3 512 216/X 475 
B4 0.5 wt% As2O3 514 215/X 
B5 1.0 wt% As2O3 509 216/X 

20Na2O-12.5Ga2O3-67.5SiO2     
C11  0.0 wt% As2O3 563 192/X 
C2 0.1 wt% As2O3 565 216/X 520 
C4 0.5 wt% As2O3 563 216/X 
C5 1.0 wt% As2O3 569 X/X 

H
yd

ro
ge

n 
an

d 
D

eu
te

ri
um

 
R

ed
uc

tio
n 20Na2O-20Ga2O3-60SiO2     

D11  0.0 wt% As2O3 685 216/219 
D12 0.1 wt% As2O3 680 216/219 630 
D14 0.5 wt% As2O3 683 216/219 
D5 1.0 wt% As2O3 678 216/219 

 

3.2   Cutting and Polishing 

All samples were cut using a low-speed diamond saw with a kerosene water 

mixture as the lubricant. Each sample was polished with SiC paper and polycrystalline 

polishing compound for UV-Vis and IR spectroscopic techniques. After polishing, the 

samples were ultrasonically cleaned in distilled water to remove any remaining 

polycrystalline compound on the surface. The thickness of the glass was determined 

using a micrometer to within ±0.01mm.  
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3.3   Hydrogen Reduction Process 

 All glass samples were heat treated in 700 torr (0.92 atm) of H2 at ~ 40˚C below 

Tg. The samples were removed periodically from the reduction heat treatments for 

spectroscopic measurements. A picture of the hydrogen reduction system is shown in  

 Figure 1. The custom hydrogen or deuterium treatment system is comprised of a 

mechanical roughing pump, a vacuum gauge, an absolute pressure gauge, a gas lecture 

bottle with a regulator (set to ~ 7 psi), a large vitreous silica tube, a tube furnace to be 

drawn over the silica tube, and a thermocouple located directly above the sample in the 

hot zone. The procedure used for the hydrogen reduction treatment is briefly described 

below.  

 

 

  Figure 1: Image of custom hydrogen or deuterium furnace. 
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 Figure 2: Image of custom platinum sample holder. 

 

 The samples were placed in an aluminum or platinum sample holder (Figure 2) 

inside the silica tube directly over the shielded thermocouple. The silica tube was sealed 

via a compressed rubber O-ring to the filling apparatus and the vent valve was closed. 

The furnace was set to the desired treatment temperature and drawn over the silica tube. 

The roughing pump was then turned on to evacuate the system. At approximately 200˚C 

a quick hydrogen flush was initiated to remove all adsorbed gas species and ensure that 

the pressures read were due to as much hydrogen or deuterium gas as possible. When the 

treatment temperature was reached and a pressure of ~ 30 millitorr and ~ 15 mmHg on 

the absolute pressure gauge, the vacuum valve was closed and the silica tube was filled to 

the desired pressure of hydrogen or deuterium gas, and then sealed by closing the sample 

valve. At the end of the reduction time, the furnace was removed to allow the samples to 

quickly cool to room temperature before exposing the samples to atmospheric gases by 

first turning on the roughing pump till a pressure of ~ 30 millitorr was reached. Then, the 

sample was slowly opened till the absolute pressure gauge reads ~ 15 mmHg. Next, the 

roughing pump was turned off and the vent valve was opened slowly till atmospheric 

pressure was reached.  
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3.4   Spectroscopy 

  FTIR and UV-Vis-NIR absorption spectra were recorded before and after 

treatments in an ambient atmosphere, using a Nicolet 6700 FT-IR and a Perkin Elmer: 

Lambda 950 UV/Vis spectrometer, respectively. A scan range of 1,500-6,000 cm-1 with a 

resolution of 16 and 200 scans was used for all IR data and a range of 200-1,000 nm for 

all UV-Vis-NIR data. 

3.5   X-Ray Diffraction (XRD) and X-Ray Fluorescence (XRF) 

 XRD diffraction was performed on select samples to obtain phase identification 

and the crystallization of the sample. XRF diffraction was used to verify the 

concentration of each component in the glass. XRD and XRF diffraction data were 

collected using a Bruker Phaser D2 with Diffract: measurement software and a Bruker S4 

Pioneer with Spectra Plus Launcher software, respectfully. Scans were recorded with a 

0.03˚ step size and 1 second dwell time from 10˚ to 70˚ 2θ for XRD characterization.  

3.6   Environmental Scanning Electron Microscopy (ESEM) 

 An Environmental Scanning electron microscopy was used to obtain information 

concerning the composition of near surface regions in materials, as well as topographical 

information. Samples in this study were imaged in a low vacuum FEI Co. Quanta 200F 

Environmental Scanning Electron Microscope (ESEM) equipped with an Energy 

Dispersive Spectrometer (EDS) with EDAX genesis software. Samples were prepared for 

ESEM by fracturing the corner and mounting the samples on aluminum stands with 

carbon tape. Samples were imaged under low vacuum mode in order to examine 

morphology, estimate the depth of the diffusion layer, and composition of the bulk. The 

acceleration potential was between 20 and 25 keV and a spot size between 3.0 and 4.0 nm 

for selected samples. Images were taken in secondary electron mode and back-scattered 

electron mode at magnifications of 500, 1,000, 5,000, 15,000, 20,000, 30,000, and 

50,000. Secondary electron (SE) mode was used for topography; back-scattered electron 

mode (BSE) was used to analyze compositional changes with an atomic number 

absorption fluorescence correction (ZAF).  
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RESULTS 

 Results deemed pertinent to the discussion are presented here. The remaining raw 

data collected in this study are presented in the Appendix. 

4.1   Glass Properties 

 The Tg values for all compositions were measured multiple times before and after 

hydrogen treatments to assess the homogeneity of the glass, the accuracy, and precision 

of the batching and melting processes, as well as the effect of multiple heat treatments.  

 Table II shows the values of Tg pre and post hydrogen treatments for all sample 

compositions. A representative DSC plot is shown in  Figure 3 for composition C2. All 

Tg values were plotted as an average against wt% As2O3. From Figure 4, the Tg value 

increases as the gallium concentration increases. With increasing wt% arsenic the Tg 

values tend to decrease with in the same glass composition. The values of Tg post-

hydrogen treatment tend to be within error of pre hydrogen values except in composition 

D and composition C with no arsenic. 

 

Table II: Glass Transition Temperatures (˚C) For Pre And Post Hydrogen For All Sample 
Compositions 

Pre Hydrogen 
Tg (˚C) 

Post Hydrogen 
Tg (˚C) 

Total Treatment 
Time (hrs) 

Wt % 
As2O3 

Sample 

B11 521, 519, 515 523, 525 216 0.0 
B2 515, 507, 517 519, 518 216 0.1 
B4 515, 511, 518 515, 513 215 0.5 
B5 509, 511, 507 507, 505 216 1.0 

C11 564, 563, 562 581, 581 192 0.0 
C2 563, 567, 566 568, 570 216 0.1 
C4 562, 565, 562 563, 564 216 0.5 
C5 563, 571, 572 X X 1.0 
D11 681, 692, 684 687, 689 216 0.0 
D12 672, 688, 679 670, 667 216 0.1 
D14 683, 685, 682 658, 656 216 0.5 
D5 682, 675, 679 667, 661 216 1.0 
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 Figure 3: Representative DSC plot for composition C2 using the on-set point 
to calculate Tg (˚C). 

 

A) 
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B) 

 
 

 

C) 

 

Figure 4: Pre and post hydrogen treatment Tg values vs. wt% As2O3; A) 
composition B, B) composition C, C) composition D. 
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 Data from EDS showed that the compositions for select glass samples were close 

to the target. A representative EDS plot for a sample containing arsenic is shown in 

Figure 5. XRF also confirmed that the compositions of select glass samples were in the 

range of the targeted concentrations. After samples were exposed to XRF, each sample 

had a dark brown circle left where the glass was exposed to the high energy X-rays.  This 

is not surprising, as photo-induced (especially X-rays) effects in As-containing non-oxide 

glasses has been reported [21].  

 

 

  Figure 5: Representative EDS plot for a sample containing arsenic. 

4.2   Optical and Scanning Electron Microscopy 

Before heat-treatments, glass compositions B and C were colorless and the D 

composition samples showed a slight amber color. After consecutive heat-treatments, all 

compositions containing arsenic darkened to a yellow or brown color. Samples 

containing no arsenic remained colorless throughout the heat treatment cycles. Figure 6 

shows an example of the degree of color change for varying wt% arsenic after numerous 

heat treatment cycles for composition D. The color change for compositions B and C are 

similar to D, but not as extreme.  
15 



 
 

Figure 6: Progression of reduction from 0.0-1.0 wt% As2O3 for composition D 

 

 ESEM was used to confirm the formation of colloids within the glass samples and 

 Figure 7 is an ESEM micrograph at 500X of a fractured surface of composition B 

surface topography. 

       0.0 wt% As2O3             0.1 wt% As2O3              0.5 wt% As2O3               1.0 wt% As2O3  

after numerous heat-treatment cycles. 

depth of diffusion after extended heat-treatment times (216 hrs). All images are shown in 

back-scattered electron (BSE) mode to emphasize compositional differences, unless 

noted otherwise. Higher atomic number/density particles appear lighter on the 

micrographs. Some bright white spots on the SEM images are artifacts from fracturing 

the corner of the sample. 

with 1.0 wt% of arsenic after 216 hrs of heat treatment in hydrogen. It is noted that 

fracture debris is on the surface and possible striations within the glass give the presence 

of a moving reduction layer tens of nanometers below the surface. Figure 8 is the same 

fracture taken at 50K in BSE-SE mode. This image shows a disturbance in hackle 

fracture markings possibly might have been caused by the colloids however, the presence 

of colloids is not conclusive from this data. An ESEM micrograph of a fractured surface 

of composition D with 1.0 wt% of arsenic after 216 hrs of heat treatment in hydrogen at a 

magnification of 1,000X is presented in Figure 9 showing a non-spherical white inclusion 

stuck in the bulk surface of the glass found throughout the fracture. Figure 10 is a closer 

view at a higher magnification, 5,000X, of the inclusion. EDS on the white inclusion 

confirmed the presence of gallium and arsenic. Figure 11 is a SE-ESEM micrograph of 

the same sample as Figure 10, showing what is presumed to be a white agglomerate of 

spherical colloids at a magnification of 20,000X. The colloids are surrounded by rough 
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Reduction Layers 

 

Figure 7: Back-scattered electron micrograph of a fractured surface of 
composition B5 sample after 216 hrs of hydrogen treatment at a 
500X. 

 

 

  
Figure 8: Back-scattered-secondary electron micrograph of a fractured surface 

of composition B5 sample after 216 hrs of hydrogen treatment at 
50,000X. 
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Figure 9: Back-scattered electron micrograph of a fractured surface of 
composition D5 sample after 216 hrs of hydrogen treatment at 
1,000X. 

 

 
 

Figure 10: Back-scattered electron micrograph of a fractured surface of 
composition D5 sample after 216 hrs of hydrogen treatment at 
5,000X. 

18 



 

 
 

Figure 11: Secondary electron micrograph of a fractured surface of  
composition D5 sample after 216 hrs of hydrogen treatment at 
20,000X. 

4.3   UV-VIS-NIR Spectroscopy 

UV-Vis-NIR abs

after treatments in hydrogen atmosphere multiple times for reproducibility. An average of 

 en normalized for thickness. The optical absorption 

spectra exhibit consistent trends for each composition with and without arsenic. All glass 

compositions containing no arsenic show an 

ic the 

orption spectra were collected on all glass samples before and 

two to three spectra collected were th

increase in the absorbance with treatment 

time at wavelengths greater than 325 nm, Figure 12. The spectra then intersect and with 

increasing treatment times the UV-edge moves to a lower wavelength. Glass 

compositions containing arsenic exhibit an increase in absorbance and a shift in the UV-

edge to a higher wavelength with increasing treatment times, Figure 13.  

 Table III gives a list of calculated UV-edge values for pre-hydrogen and final heat 

treatments by extrapolating a straight line from an absorbance of 1-1.5 to the abscissa 

axis [22]. In general, samples without any arsenic show an increasing shift in the UV-

edge to a lower wavelength with increasing gallia content. For samples with arsen
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fi V-edge value increases in wavelength with increasing gallia and arsenic content. 

Figure 14 shows the absorbance data versus (1/λ4) for a sample containing arsenic and no 

arsenic, the linearity in Figure 14A for a sample containing arsenic is related to Rayleigh 

scattering, which, suggest a colloidal scattering mechanism. 

 

Table III: Calculated UV-Edge For Pre and Final Heat Treatments For All Hydrogen 
Treated Samples  

  

nal U

UV-edge for pre UV-edge for final m) Sample ID hydrogen (nm) treatment (nm) Difference (n

B11 308 292 -16 
B2 308 337 29 
B4 309 500 191 
B5 310 579 269 

C11 309 288 -21 
C2 311 318 7 
C4 309 506 197 
C5 X X X 
D11 329 275 -54 
D12 315 472 157 
D14 316 745 429 
D5 317 719 402 
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Figure 12: Representative plot of the visible absorbance changes during 
reduction for samples containing no arsenic. Spectra are from 
D11. 

 

Figure 13: Representative plot of the visible absorbance changes during 
reduction for samples containing 0.1-1.0 wt% arsenic. Spectra are 
from D12. 
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A) 

 
B) 

 

Figure 14: A) Representative plot of Rayleigh scattering behavior: absorbance 
versus (1/λ4), (1/nm4), for a sample with arsenic. Spectra are 
from D12 at 216 hours. B) Representative plot of Rayleigh 
scattering behavior for a sample with no arsenic. Spectra are 
from D11 at 216 hrs. 
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4.4   FTIR Spectroscopy 

FTIR spectroscopy was used to detect changes in the concentration of hydroxyl in 

each sample before and after hydrogen heat treatment. The absorption band for hydroxyl 

in the sodium galliosilicate structure was found to be around 3,550 and 2,700 cm-1. The 

third band around 2,350 cm-1 has a very inconsistent appearance due to the presence of 

CO2 bands in the same region of the spectrum, which further complicates the data 

analysis. Spectra shown are averaged between three spectra collected on the same sample 

and heat-treatment times, normalized for thickness and absorption at 4,000 cm-1, 

therefore any discrepancies between samples are eliminated.  

In general, the absorption bands for all sample compositions containing no arsenic 

do not change significantly with increasing heat treatment time. For samples containing 

arsenic, the band near 3,550 cm-1 increases in intensity with increasing additions of 

gallium. Also, absorption bands near 3,550 and 2,700 cm-1 increase in absorption and 

shift to a lower wavenumber with increasing heat treatment time for sample compositions 

containing arsenic. The spectra for compositions C and D exhibit a large broad peak from 

2,700-3,550 cm-1, compared to the spectra for composition B with two distinct peaks. 

The IR spectra shown in Figure 15 are for composition B with no arsenic. The 

hydroxyl absorption band at 2,700 cm-1 is greater than the band at 3,550 cm-1 and does 

not change significantly with increasing heat treatment time. Figure 16 shows 

representative FTIR spectra for glass compositions B containing arsenic. The hydroxyl 

bands show an increase in absorption and a slight shift in the absorption band at 3,550 

cm-1 to a lower-wavenumber with increasing heat-treatment time.  

 Figure 17 and 18 shows the representative IR spectra for composition C with no 

arsenic and a sample containing arsenic, respectively. The broad shape of the hydroxyl 

band tends to increase in absorption with increasing heat treatment time. The IR spectra 

shown in Figure 19 and 20 are for composition D with no arsenic and a sample 

containing arsenic. The spectra for composition D is very similar to composition C, the 

only difference is a higher ratio of absorption for the band at 3,550 cm-1.   

 It is evident that the glass samples were not fully saturated within the durations 

used for treatment in this study. Therefore, the tarnishing model was not used. But, the 

hydroxyl content is expected to increase with increasing heat-treatment time. 
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Composition B does not show any significant increase in hydroxyl content with or 

without arsenic. With addition of more Ga to the glass, the structure opens up enabling 

more diffusion. Therefore, in the case of composition C and D, the hydroxyl content 

increases somewhat linearly with respect to the square root of time, as shown in Figures 

21 and 22. In general, as gallium content increases, the change in intensity of the 

hydroxyl absorption increases with respect to the square root of time, while arsenic 

content does not show a distinct trend with the change in intensity of the hydroxyl 

absorption with respect to the square root of time.  

 Not all characteristic spectral bands show an increase with increasing heat 

treatment possibly due to the release of pre-existing hydroxyl formed during glass 

formation, limitations of FTIR spectrometer, thickness of the sample being too large for 

accurate measurements of diffusion, or a delay in measuring spectra after the treatment. 

 

 

 

 Figure 15: Representative IR spectra for glasses of composition B11. 

 

24 



 

 Figure 16: Representative IR spectra for glasses of composition B4. 

 

 Figure 17: Representative IR spectra for glasses of composition C11. 
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 Figure 18: Representative IR spectra for glasses of composition C2. 

 

 Figure 19: Representative IR spectra for glasses of composition D11. 
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 Figure 20: Representative IR spectra for glasses of composition D5. 

 

 

Figure 21: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition C.  
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Figure 22: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition D with hydrogen.  
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4.5   X-Ray Diffraction (XRD) 

 Select samples before and after heat treatment were used for X-ray 

characterization. All XRD data collected for each composition showed an amorphous 

hump as seen in Figure 23.  

 

 

Figure 23: Representative X-ray diffraction plot for all glass compositions 
before and after heat-treatment. Spectra are from B5 sample 
before hydrogen treatment. 
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DISCUSSION OF HYDROGEN 

 The results of this study show that the formation of Ga, As, and GaAs mixture of 

colloids are formed in the alkali galliosilicate glasses doped with arsenic by exposure to 

hydrogen near the glass transition temperature. Glasses doped with over 0.5 wt% arsenic 

readily form colloids dependent on heat treatment time. Glasses with high mol% gallium 

doped with arsenic form the highest concentration of colloids. The hydrogen-induced 

formation of colloids within the glasses involves multiple steps, where the glass 

composition, treatment time, and treatment temperatures have significant effects on the 

thickness, microstructure, and properties of the generated colloidal layer produced within 

the glasses. 

 The data reported support the hypothesis that the hydrogen-generated formation 

of Ga, As, and GaAs mixture of colloids is controlled by (1) hydrogen diffusion into the 

interstices of the glass network, (2) the reduction of reducible ions to their atomic state, 

(3) agglomeration of colloids, and (4) the formation of a subsurface layer of GaAs 

colloids [12]. Compositional changes, reduction reaction rates, and subsequent heat-

treatment times play significant roles on the concentration and size of the colloids. 

5.1   Glass Properties 

 The degree of coloration increases with increasing gallium concentration from 

yellow to brown within similar compositions with increasing arsenic concentration with 

consecutive heat treatments [11, 12]. The glass transition temperatures for the 

compositions reveal a change in the structure of the glass from Si-O-Si/Si-O-Ga network 

to one dominated by Ga-O-Ga bonds with an increase in gallia content as Tg increases 

[11]. As arsenic is introduced into the structure, the transition temperature decreases 

within each composition due to a decrease in the bond strength between ions in the glass 

network. The large difference in pre-hydrogen and post-hydrogen Tg values for 

composition C and D are presumed to be due to excess gallium that enters as a network 

modifier and changing the structure of the glass during heat-treatment [16-20].   

 The ESEM micrographs presented in this work show a diffusion layer moving 

from the surface into the bulk of the glass, as shown in Figure 7. For glasses with large 
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concentrations of gallium and arsenic, inclusions are presumed to be agglomerates of 

colloids in the surface are visible, confirming colloid formation by hydrogen reduction. 

Given the small size of the colloids, specific compositional information across colloids 

was not possible due to constraints and limitations of the ESEM. XRD data confirms that 

reduction did not cause the glass to crystalize. 

5.2   Colloidal Formation 

 Initial hydrogen heat-treatments of the samples doped with arsenic result in the 

formation of Ga, As, and GaAs mixture of colloids. The quantity of each type of colloid 

is unknown at this time. The ‘tarnishing model’, originally derived for the oxidation of 

metals can be applied to these samples to predict the permeation-controlled reactions. In 

this model, gas molecules exposed to the glass surface diffuse through the interstices of 

the network as seen in Figure 24. This model is based on the assumption that the reaction 

sites are immobile, that the rate of the reaction to form colloids is significantly faster than 

the rate of diffusion of the reducible ions, and that the reaction goes to completion [11, 

13]. It is assumed that the samples within this study did not reach completion of the 

reaction. This mechanism of formation exhibits a linear increase in concentration of 

reactant species as a function of the square root of heat-treatment time. The thickness of 

the reacted layer will also increase with further exposure to the gas with the square root 

of heat-treatment time. 
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Figure 24: Illustration of gas molecules reacting with the surface of a sample 

in planar geometry, as proposed by the tarnishing model.  

 

 Reduction of a reducible ion to its atomic state is accompanied by the formation 

of hydroxyl and the release of the pre-existing hydroxyl formed during glass formation 

[11, 23]. The overall reaction and formation of colloids have been verified by monitoring 

changes in the visible spectrum of the samples, changes in optical absorption using UV-

Vis spectroscopy, and the growth of the hydroxyl band using FTIR spectroscopy [11-13].  

 The UV-Vis spectra reveal that reduction is occurring and colloids are forming 

after very short treatment times. For compositions without arsenic, an increase in 

absorbance as the wavelength shifts to lower wavenumbers are contributed to the 

possibility of hydroxyl moving out of the structure and a decrease in NBO within the 

structure as heat treatment progresses. As for compositions with arsenic, the UV-edge 

moves to higher wavelengths with increasing treatment times, attributing to an increase in 

NBO content and hydroxyl content [7, 9]. Glasses that contain a higher amount of 
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gallium are much more reactive than glasses with low amounts of gallium, in turn results 

in more hydroxyl, evident in the FTIR spectra [11, 13]. 

 The proposed absorption mechanism of metallic colloidal scattering as a source 

from Rayleigh scattering is supported from the absorbance data being inversely 

proportional to the wavelength raised to the 4th power (1/λ4) seen in Figure 14, at longer 

wavelengths, this effect is not as strong [12]. This effect results in a large absorption 

towards the lower end of the spectrum, and a decrease in absorption toward the near-

infrared region of the visible spectrum. Our results confirm metallic colloidal scattering 

as the coloration during reduction. Although unsure at this time quantum absorption is 

also a possible mechanism as the coloration during reduction due to the size of the 

colloids found in the samples [15]. 

The expected growth of the hydroxyl bands has been monitored using IR 

spectroscopy [13]. For samples with no arsenic the absorbance bands do not significantly 

change and UV-Vis suggest no additional NBO formation. So, one can conclude that 

hydroxyl is not forming in these samples. Glasses containing a relatively high gallium 

content (composition D) react much faster and form considerably more hydroxyl than 

those with lower gallium content [13]. As seen from the FTIR spectra, the glasses 

containing arsenic show an increase in hydroxyl peaks with increasing heat treatment. 

This means that more NBO have formed in the glass structure and molecular hydrogen is 

reacting to form hydroxyl [13]. The large broad peak in compositions C and D is due to a 

higher concentration of “free” hydroxyl in the glass than “hydrogen-bonded” hydroxyl. 

Composition B with a lower gallium concentration shows a larger amount of “hydrogen 

bonded” hydroxyl content than compositions C and D due to the structure of the glass 

being more Si-O-Si/Si-O-Ga bonded than one dominated by Ga-O-Ga bonded with 

higher concentrations of gallium [11]. 

All characteristic spectral bands did not increase with increasing heat treatment 

possibly due to the release of pre-existing hydroxyl formed during glass formation, 

limitations of FTIR spectrometer, and thickness of the sample being too large for accurate 

measurements of diffusion [11, 13, 23].  

 

 

33 



DEUTERIUM 

Deuterium was used only with composition D to study the effect of reduction 

using deuterium as an external reducing agent. All experimental procedures were kept the 

same as hydrogen testing. Results deemed pertinent to the discussion are presented here. 

The remaining raw data collected in this study are presented in the Appendix. 

6.1   Glass Properties 

Visually, the glass samples used in deuterium gas resemble the same color change 

effect throughout the heat treatment process as hydrogen. All samples were colorless 

before heat treatments and after consecutive heat treatments all compositions containing 

arsenic darkened to a yellow or brown color.  

The Tg values for the glass samples after heat treatment in deuterium are shown in 

Figure 25. As the concentration of arsenic increases the transition temperature decreases. 

All values for post-deuterium treatment shown in Table IV are within error of the same 

values collected for post-hydrogen treatment except, for 1.0 wt% arsenic, which is found 

to have a lower Tg value than post-hydrogen treatment. All Tg values for post deuterium 

treatment are lower than pre heat treatment values.  

 

Table IV: Glass Transition Temperatures (˚C) For Pre Treatment And Post Hydrogen  
 And Deuterium For All Samples In Composition D 

Pre 
Treatment 

Tg  (˚C) 

Post 
Hydrogen 

Tg (˚C) 

Post 
Deuterium 

Tg (˚C) 

Total treatment time 
Hydrogen/Deuterium 

(hrs) 

Wt % 
As2O3 

Sample 

D11 681, 692, 684 687, 689 681, 684 216/219 0.0 
D12 672, 688, 679 670, 667 668, 670 216/219 0.1 
D14 683, 685, 682 658, 656 660, 652 216/219 0.5 
D5 682, 675, 679 667, 661 652, 645 216/219 1 
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Figure 25: Pre and post hydrogen and deuterium transition temperature values 
plotted against wt% arsenic for composition D. 

 

6.2   UV-Vis-NIR Spectra 

UV-Vis-NIR absorption spectra were collected on all glass samples before and 

after treatments in deuterium atmosphere multiple times for reproducibility. The spectra 

collected were then normalized for thickness. The optical absorption spectra exhibit 

consistent trends for each composition with and without arsenic compared to hydrogen 

treatment. The glass composition containing no arsenic shows an increase in the 

absorbance with treatment time at wavelengths greater than 325 nm, Figure 26. The 

spectra then intersect and with increasing treatment times the UV-edge moves to a lower 

wavelength. Glass compositions containing arsenic exhibit an increase in absorbance and 

a shift in the UV-edge to a higher wavelength with increasing treatment duration, as 

shown in Figure 27. 

Table V  gives a list of calculated UV-edge values for pre and final heat treatments 

with deuterium and hydrogen for composition D by extrapolating a straight line from an 

absorbance of 1-1.5 to the abscissa axis. The sample without any arsenic showed a 
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smaller shift to a higher wavelength, than the sample reduced in hydrogen. For samples 

containing arsenic the UV-edge increases in wavelength with increasing heat treatment 

time. The calculated UV-edge values for deuterium do not shift to a higher wavelength 

than deuterium except for composition D5. Figure 28 shows the absorbance data versus 

(1/λ4) for a sample containing arsenic and no arsenic, the linearity in Figure 14 for a 

sample containing arsenic is related to Rayleigh scattering, suggesting a colloidal 

scattering mechanism. 

 

Table V: Calculated UV-Edge For Pre And Final Heat Treatments For All Samples In 
Deuterium And A Comparison With Hydrogen For Composition D 

 

UV-edge for 
final treatment 

(nm) 

UV-edge for pre 
hydrogen (nm) 

Difference 
(nm) Sample ID 

  

D
eu

te
ri

um
 

D11 316 278 -38 
D12 314 386 72 
D14 312 577 265 
D5 315 738 423 
D11 329 275 -54 

H
yd

ro
ge

n 

D12 315 472 157 
D14 316 745 429 
D5 317 719 402 
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Figure 26: Plot of the visible absorbance changes during reduction with 
deuterium for composition D11. 

 

 

Figure 27: Representative plot of the visible absorbance changes during 
reduction with deuterium for samples containing 0.1-1.0 wt% 
arsenic. Spectra are from D12. 
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A) 

 
B) 

 

Figure 28: A) Representative plot of Rayleigh scattering behavior: absorbance 
versus (1/λ4), (1/nm4), for a sample with arsenic in deuterium 
atmosphere. Spectra are from D12 at 219 hours. B) 
Representative plot of Rayleigh scattering behavior for a sample 
with no arsenic. Spectra are from D11 at 219 hrs. 
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6.3  FTIR Spectra 

FTIR spectroscopy was used to detect changes in the concentration of hydroxyl in 

each sample pre and post deuterium heat treatment. The absorption band for hydroxyl is 

slightly shifted for deuterium heat-treatment compared to hydrogen heat-treatment. 

Spectra shown are averaged between three spectra collected on the same sample and 

heat-treatment times, normalized for thickness and absorption at 4,000 cm-1, therefore 

any discrepancies between samples are eliminated.  

In general, two distinct bands are noticed with the use of deuterium unlike the 

broad peak with hydrogen reduction. The absorption band near 3,550 cm-1 decreases with 

heat treatment time, whereas the band at 2,700 cm-1 increases with heat treatment time for 

all samples used in deuterium. It is apparent that two reactions occur during heat 

treatment in deuterium. First, the same reduction reaction occurs with Ga and As ions as 

observed for heat treatment in hydrogen. Then, pre-existing hydroxyl is released and 

undergoes isotope exchange with the entering deuterium [23]. 

 Some peak absorbance values do not consecutively follow the trend mentioned 

above with increasing treatment time. For example, if the general trend for the 

absorbance band is increasing, one of the treatment time values may be lower than the 

previous treatment time. This affect could be the result of the release of pre-existing 

hydroxyl formed during glass formation. The IR spectra are shown in Figure 29 is for 

composition D with 0.0 wt% arsenic. The absorbance peak located at 3,550 cm-1 shows 

the most variation in peak values from 0.28 for pre deuterium to 0.07 for 192 hrs. Figure 

30 – 32 show IR spectra for samples with arsenic. As arsenic content increases the glass 

forms relatively more “hydrogen-bonded” hydroxyl located at 2,700 cm-1 than “free” 

hydroxyl at 3,550 cm-1. 

 The hydroxyl band decreases with increasing heat-treatment time as predicted by 

the tarnishing model seen in Figure 33, showing a linear decrease with respect to the 

square root of time. This linear decrease indicates that the hydroxyl formed during the 

reduction reaction will back-react and be lost to some other species or diffuse out of the 

glass. The tarnishing model assumes that the rate of reaction is governed by the diffusion 

rate of deuterium to the reaction site and continues to completion. It is assumed that the 

samples in this experiment do not reach completion. The maximum intensity of the 
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hydroxyl absorption is used for the relative concentration change as the reaction 

proceeds. Figure 34 shows a comparison of the effect of the square root of heat-treatment 

time on the change in IR absorbance with sample D5 in hydrogen and deuterium.  

 Not all characteristic spectral bands show an increase with increasing heat 

treatment possibly due to the release of pre-existing hydroxyl formed during glass 

formation, limitations of FTIR spectrometer, thickness of the sample being too large for 

accurate measurements of diffusion, or a delay in measuring spectra after the treatment. 

 

 

 

 Figure 29: IR spectra for glasses of composition D11 treated in deuterium. 
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 Figure 30: IR spectra for glasses of composition D12 treated in deuterium. 

 

 Figure 31: IR spectra for glasses of composition D14 treated in deuterium. 
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 Figure 32: IR spectra for glasses of composition D5 treated in deuterium. 

 

Figure 33: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition D with deuterium. 
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Figure 34: Comparing the effect of the square root of heat-treatment time on 
the change in IR absorbance with sample D5 in hydrogen and 
deuterium. 

 

6.4   Discussion of Deuterium 

 The results of this study show that the formation of Ga, As, and GaAs mixture of 

colloids can be induced by exposure to deuterium near the glass transition temperature 

for alkali galliosilicate glasses that have been doped with arsenic. The quantity of each 

type of colloid is unknown at this time. Composition D was chosen for reduction with 

deuterium because of the highest concentration of colloids noticed with hydrogen 

reduction. Glasses doped with over 0.5 wt% arsenic readily form colloids dependent on 

heat treatment time. The deuterium-induced formation of colloids within the glasses 

involves multiple steps where deuterium diffusion causes a reducible ion to reduce to its 

atomic state and form a colloid below the surface and pre-existing hydroxyl undergoes 

isotope exchange. Compositional changes, reduction reaction rates, and subsequent heat-

treatment times play as significant role on the properties of the colloids within the glass. 
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The color of the glass with treatment time in deuterium was found to be visually 

similar to that of hydrogen. The Tg values noted in Table V for post deuterium treatment 

are limitations of the thermal analyzer. Another explanation for the lower value could be 

a structural change in the glass occurred with more the reduction of deuterium at high 

concentrations of arsenic. Further testing and structural characterization will be needed to 

resolve the difference from the hydrogen Tg value. 

Spectra collected with UV-Vis spectroscopy for deuterium induced-absorption is 

very similar to that collected for hydrogen induced-absorption. The sample without 

arsenic shows a decrease in NBO as heat treatment progresses and samples with arsenic 

increase NBO content with consecutive heat treatments. Sample D14 for deuterium was 

much thicker than the rest of the samples tested and could be too large for accurate 

measurements of diffusion [13]. Rayleigh scattering is still believed to be the absorption 

mechanism responsible for the coloration during reduction as seen with hydrogen. Since 

scattering is inversely proportional to the wavelength raised to the 4th power (1/λ4) seen in 

Figure 28, at longer wavelengths, this effect is not as strong [12]. Although unsure at this 

time quantum size effect is also a possible mechanism for coloration after reduction [15].  

Absorbance changes from the hydrogen treated samples under identical 

temperature and pressure conditions did not differ by a factor of the square root of 2 for 

deuterium treatments as reported by Tuzzolo and Shelby [3]. This difference remains to 

be resolved. 

This linear decrease with the square root of time indicates that the hydroxyl 

formed during the reduction reaction is de-bonding and converted to deuteroxyls [23]. 

The heat treatment in deuterium induces a great deal of structural change in the glasses 

compared to hydrogen heat treatment. In general, data for all samples show that with 

increasing heat treatment hydroxyl concentration decreases, “hydrogen-bonded” hydroxyl 

at 2,700 cm-1 is forming and “free” hydroxyl at 3,550 cm-1 is decreasing [9, 13]. For the 

sample without arsenic, the absorbance peak located at 3,550 cm-1 shows the most 

variation in peak values from 0.28 for pre deuterium to 0.07 for 192 hrs. For samples that 

contain arsenic, as the wt% of arsenic increases, the glass forms relatively more 

“hydrogen-bonded” hydroxyl located at 2,700 cm-1 than “free” hydroxyl at 3,550 cm-1, in 

short there is a decrease in hydroxyl and an increase in silicon or gallium hydride. During 
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heat treatment in deuterium, it is apparent that two reactions occur. First, the same 

reduction reaction that occurs with Ga and As ions as observed for heat treatment in 

hydrogen. Then, pre-existing hydroxyl is released and it undergoes isotope exchange with 

the entering deuterium converting those hydroxyls to deuteroxyls [23]. This explains the 

reduction in hydroxyl bands seen in the deuterium-reduced glasses. 

Figure 34 highlights the contrast between the role of the hydrogen and deuterium 

as reducing agents.  Hydrogen increases the formation of hydroxls in the glass, while 

deuterium, reduces it.  In terms of the optical spectral data, both are efficient reducing 

agents. 
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CONCLUSION 

 It is proposed that Ga, As, and GaAs colloids are formed in alkali galliosilicate 

glasses doped with arsenic through reaction with hydrogen or deuterium at temperatures 

near the glass transition and can be correlated to coloration of the glass and hydroxyl 

content in the glass. The degree of coloration increases with increasing gallium 

concentration due to metallic colloidal scattering and possibly quantum absorption. 

Composition D with a high amount of arsenic shows the most promise for colloidal 

formation as is evidenced in the UV-Vis-NIR, FTIR, and ESEM analyses. UV-Vis-NIR 

data shows a shift in the UV-edge to a higher wavelength with increasing treatment times 

and the linearity of the absorbance data versus (1/λ4) is related to Rayleigh scattering, 

suggesting a possible colloidal scattering mechanism. Though we could not verify the 

colloidal formation directly, our data showed that the colloid formation was a diffusion-

controlled process. Color change observed in glasses with increasing treatment suggested 

quantum size effect. Infrared and UV-Vis-NIR spectroscopies indicate that hydroxyl is 

forming with in the glass throughout the hydrogen reduction process and pre-existing 

hydroxyl is released. 

 The effect of deuterium is found to differ from hydrogen considerably in the 

infrared spectra. Deuteroxyl is formed in the glass by the reduction reaction, while 

hydroxyl decreases in the glass due to both the removal of pre-existing hydroxyl and 

isotope exchange. Our results are consistent with this process in deuterium-reduced 

glasses. 
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FUTURE WORK 

 There are many opportunities to further advance this field of material science by 

conducting further testing to understand the current mechanism of colloidal formation in 

glasses. Additional testing of glasses discolored by XRF measurements in terms of 

spectroscopy is needed to explain this color change. Mechanical hardness testing could 

help in determining the difference in toughness before and after reduction to explore their 

potential as composites.  

 Time-domain terahertz spectroscopy (THz-TDS) was performed on all the 

samples used in this study. Further analysis of the THz data is needed to understand the 

difference pre- and post-reduction and structural aspects in this region compared to UV-

Vis-NIR region.  

It would also be worthwhile to calculate the extinction coefficient to formulate the 

amount of hydroxyl formed in the glass. Further analysis of the density of each glass is 

needed in order to calculate the hydroxyl formed in the glass assuming that the extinction 

coefficient for water of 72-80 (L mol-1 cm-1) [9] for aluminosilicate glasses is comparable 

to alkali galliosilicate glasses. Extinction coefficients need to be measured as well. 

 Further detailed analysis of FTIR spectra can also be performed to calculate the 

area under the peak and FWHM to correlate reduction and change in hydroxyl ions and 

glass structure. 

 Additionally, detailed scanning transmission electron microscopy and atomic 

force microscopy along with selected area diffraction can be used to verify the quantum 

size effect in these reduced glasses. 
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APPENDIX 

 

Figure 35: Plot of the visible absorbance changes during reduction with 
hydrogen for composition B11. 
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Figure 36: Plot of the visible absorbance changes during reduction with 
hydrogen for composition B2. 

 

Figure 37: Plot of the visible absorbance changes during reduction with 
hydrogen for composition B4. 
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Figure 38: Plot of the visible absorbance changes during reduction with 
hydrogen for composition B5. 

 
Figure 39: Plot of the visible absorbance changes during reduction with 

hydrogen for composition C11. 
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Figure 40: Plot of the visible absorbance changes during reduction with 

hydrogen for composition C2. 

 
Figure 41: Plot of the visible absorbance changes during reduction with 

hydrogen for composition C4. 
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Figure 42: Plot of the visible absorbance changes during reduction with 

hydrogen for composition D14. 

 
Figure 43: Plot of the visible absorbance changes during reduction with 

hydrogen for composition D5. 
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Figure 44: Plot of the visible absorbance changes during reduction with 

deuterium for composition D14. 

 
Figure 45: Plot of the visible absorbance changes during reduction with 

deuterium for composition D5. 
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 Figure 46: Representative IR spectra for glasses of composition B2. 

 

 
 Figure 47: Representative IR spectra for glasses of composition B5. 
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 Figure 48: Representative IR spectra for glasses of composition C4. 

 

 
 Figure 49: Representative IR spectra for glasses of composition D12. 
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 Figure 50: Representative IR spectra for glasses of composition D14. 

 

 

Figure 51: The effect of square root of heat-treatment time on the change in IR 
absorbance for composition B. 
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