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Abstract

:

The aging of semiconductor materials is a topic of current interest. We studied the photo-response of epitaxial samples of GaAs doped with Ge and Sn up to 1 × 1019 atoms cm−3. These samples were stored in a dry and dark environment for 26 years. We realized photoluminescence measurements at different temperatures and photoreflectance spectra at 300 K in three periods: 1995, 2001 and 2021. We found that environmental oxygen formed defects in GaAs, leaving lattice vacancies that provoked changes in the optical photo-response. In addition, we found that the vacancy concentrations could be as large as 5 × 1017 atoms cm−3 over the 26 years. In this work, we demonstrate that the aging of semiconductor materials occurs even when they are not used within a functioning circuit, with the changes being greater when the material is not doped. Knowing about the aging of materials is important for the industry, particularly for the semiconductor industry, because aging-induced deterioration influences prices and guarantees.
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1. Introduction


Users of semiconductor materials assume that they are inert materials that do not change over time. However, it is useful to check whether or not their physical properties have been affected over time since they were produced. The warranty duration of devices, for which climatic conditions play an important role, is decided based on the efficiency of operation. The aging process can affect the structural and optical properties of aging-sensitive materials. Changes in the structural properties of the material can be caused by phase transformations and the deformation or damage of the surface over time. These structural changes will cause changes in optical, electrical, thermal and other responses. Thus, the classification of materials can be carried out in three differentiated parts based on their response to aging: short, long and very-long material sensitivity to aging. In many scientific research labs, experiments are performed with semiconductor wafers, whether purchased or manufactured. If the experiment is non-destructive, those samples are stored on shelves under ambient conditions for several years before another experiment. However, it is often not taken into account that there is a slow internal dynamic within the solid material that can alter its physical properties over time. On the other hand, the devices manufactured in companies are encapsulated to protect them from environmental conditions, but the aging process continues over time. Aging is one of these types of degradation that can affect the performance of devices designed with these materials [1,2]. In the last decades, some theoretical and experimental studies have shown a growing interest in the analysis of the effects of aging and the rate of degradation in semiconductor materials [3,4] and luminescent ceramics [5]. These studies are carried out with the purpose of understanding, simulating and mitigating their impact during the design phase of devices for technological and industrial applications, as described by Kim and his group [6]. Semiconductor degradation is due to the accumulation of defects in the crystalline structure of the material. Several studies have explored the aging of semiconductor materials. Kumara et al. [7] carried out an investigation on the optical response of doped and undoped ZrO2 epitaxial films and observed a decrease in the energy band as the aging time increased. On the other hand, Song et al. [8] applied different experimental techniques to analyze failures in high-power semiconductor lasers subjected to accelerated aging. All these works show that the study of the aging of semiconductor materials is still a current topic and some techniques have even been used to accelerate the aging process for analysis in the laboratory [9,10,11]. In particular, Neuhod et al. [12] studied the formation of monodefects in GaAs when exposed to high-energy proton irradiation. GaAs is a widely studied semiconductor material with multiple applications in electronic and optoelectronic devices. We selected GaAs for this study because it is a widely characterized semiconductor material, which allows comparisons to be made with our measurements. In this work, we study the aging dynamics through optical techniques such as photoluminescence (PL) and photoreflectance (PR), during three periods of time over 26 years on doped and undoped GaAs epitaxial films that are exposed to the environment.




2. Materials and Methods


In 1995, 10 μm thick GaAs:Sn and GaAs:Ge films were grown on a GaAs substrate oriented in the (100) direction by Liquid Phase Epitaxy at a temperature of 800 °C. The precursor materials used to grow the film were Ga(7N), Ge(5N) and Sn(5N), including the purity in parentheses, and also GaAs to obtain As [13]. Through this method, the resulting films contained native defects such as VAs and interstitial Ga due to excessive Ga [14]. To facilitate crystalline ordering and avoid deep defects or traps, thermal annealing was performed at 620 °C for 4 h in an H2 environment. The Ge concentrations ranged from 1 × 1016 atoms cm−3 to 1 × 1019 atoms cm−3 and the Sn concentrations ranged from 1 × 1017 atoms cm−3 to 2 × 1018 atoms cm−3. The impurity concentrations were measured by the capacitance-voltage method. A C-V Plotter Princeton Applied Research Mod 410 was used to obtain the capacitance (C) at different applied voltages (V). Through the 1/C2 vs. V graph, the slope of the line was measured, which is proportional to the inverse of the concentration N of the impurities. We have assumed that all impurities are ionized at room temperature due to their low ionization energies.



In this study, PL and PR were measured in those samples. Subsequently, all GaAs epitaxial samples were stored in closed cabinets with the following environmental characteristics: atmospheric pressure of 1017 hPa, average temperature of 24 °C, relative humidity of 76% and darkness. In 2001, Fonthal [14] re-measured PL at different temperatures and PR at 300 K and stored the samples in the same environment conditions for another 20 years. In 2021, again, we took the PL and PR spectra of these samples.



The PL system in this work used an external excitation source, a laser with a wavelength of 488 nm focused on the sample by a cylindrical lens. A convergent lens in the entrance slit of a Horiba FHR1000 spectrophotometer focused the light emission from the sample under study. To remove the Rayleigh radiation reflected by the sample, an LP’488 filter was located in the entrance slit. The spectrophotometer has a diffraction grating of 1800 lines per millimeter, a focal distance of 100 cm and a spectral resolution of 0.010. A CCD camera with thermo-electric cooling, was used as a photodetector. The samples were placed inside a cold finger cooled through a closed circuit of liquid He. The temperature was measured through a carbon resistance. Measurements were made between 13 K and 300 K. The PR spectra were recorded by using a modulation source, a He–Ne laser with a wavelength of 488 nm, cut by a mechanical chopper attached to a lock-in amplifier. The radiation probe from a quartz-tungsten-halogen lamp was passed through a monochromator. The detector used in this technique was a PbS photopin. Measurements were made at 300 K.




3. Results and Discussion


PL is a suitable technique for studying radiative electronic transitions. For semiconductors, these transitions are made around the energy gap (Eg), which separates the valence band and the conduction band. If the concentration of the impurities does not exceed the Mott limit, the Fermi level is within the energy gap, separating the states occupied by electrons from those unoccupied. The impurity states are placed within that energy gap close to the conduction band if the impurity is a donor type, and close to the valence band if the impurity is an acceptor type. When there are defects in the crystal lattice, they produce electron traps which are located very deep in energy within the energy gap. Based on the above understanding and by analyzing the photoluminescence spectra of the semiconductors, the highest energy transitions correspond to the transition of the conduction band to the valence band (B-B). The excitonic transitions (X) will be in lower energy and involve the interaction of an electron from the conduction band, but that has been attracted by a hole in the valence band. In the semiconductor industry, the PL width of the excitonic peak is used to test the crystalline quality of the grown solid. A narrower excitonic peak indicates better crystalline quality of the material. At even lower energy, the transitions involving impurity states either from a band to an impurity state or between two impurity states. The least energetic, that is, the furthest from the B-B transition, will be the transitions that involve defect states.



In Figure 1, we show in black the photoluminescence results for the undoped GaAs sample used by Torres [13] in 1995. In 2001, Fonthal [14] measured the PL spectrum in that same sample, which was stored for 6 years in the environmental conditions described above. Fonthal’s spectrum is represented in red. This same sample was employed in 2021 for this study and its spectrum is illustrated in blue. It is evident that there has been a change in the optical response of the undoped GaAs sample over time due to aging, at least within the laser penetration length of the PL technique. For a better understanding of the PL spectra in Figure 1, we have superimposed an orange line at 1.375 eV to separate two spectral zones. The highest energy zone corresponds to the transitions that involve the energy bands and impurities. The zone below 1.375 eV is the zone corresponding to deep trap transitions due to defects. In the impurity zone, excitonic peaks are distinguished near the Eg at 1.424 eV and a second peak around 1.385 eV that corresponds to the donor-acceptor transition of shallow impurities. It can be distinguished that in the blue spectral curve, the excitonic peak broadens and shifts towards higher energies compared to other lower aging spectra. This is due to the deterioration of the crystalline quality of the material over time. On the other hand, the zone below 1.375 eV shows a broad peak that corresponds to the transitions involving deep defects. We have called this peak DT for the spectrum taken in 1995, DF for the one taken in 2001 and DO for the one measured in 2021. In this second area, it can be observed that the peak of deep traps moves towards lower energy values, broadens and increases in intensity with respect to the excitonic peak as the sample ages. This is due to the increasing concentration of defects in the samples as the years go by.



In Figure 1, we can observe that in the black spectrum obtained by Torres, there is a defects band (DT) centered at 1.356 eV, just after the sample was grown. This band corresponds to what is called a native defect, which has been reported by several authors for the case of GaAs [15,16] as VAs–IAs, where the letter I represents impurities. The formation of Ga and As oxides slowly over many years due to the presence of oxygen, adding defects to the surface, as suggested by Birey and Site [17] and Bunea and Dunham [18]. In the same, it also shows the red PL spectrum obtained by Fonthal six years later, and one can see that the defect zone (DF) has expanded and shifted towards lower energies, now centering at 1.324 eV. This means that new defects have been formed in greater quantity. For this work, we measured the blue spectrum of PL 26 years after the undoped GaAs sample was grown. The defect peak (DO) has shifted towards 1.244 eV and has grown significantly and broadened.



In Figure 2, we show the PL spectra for different undoped and doped GaAs samples at 13 K temperature taken in 2021. The influence of doping in 26-year-old samples is clear. The undoped sample in magenta shows the maximum peak in the defect zone at 1.335 eV. It can be distinguished in the spectrum at 13 K of this sample that the excitonic peak is higher than that of defects, contrary to the blue spectrum at 300 K in Figure 1. The temperature destroys the electron-hole bond of the exciton.



We already explained in another article [19] that this peak of defects is due to the formation of vacancies, especially for the As vacancies. The blue spectrum in Figure 2, which corresponds to the sample doped with 1 × 1016 atoms cm−3, shows this same defect peak at 1.324 eV, but is more diminished with structure. For the green line of the 1 × 1017 atoms cm−3 sample, that peak is even lower than 1 × 1016 atoms cm−3 and then this peak disappears for a higher doping level. The excitonic peak is close to the bandgap at 1.512 eV in the blue spectrum with 1 × 1016 atoms cm−3. In addition to the excitonic peak near the energy gap, other peaks appear at 1.49, 1.45 and 1.41 eV, corresponding to the transitions that involve the bands and/or impurity levels. These latter peaks widen with increasing concentration of the impurities, until they overlap within a single peak for higher concentrations, as seen for the red and black spectra in Figure 2. In the undoped GaAs, this peak is not resolved, indicating a low crystallinity of the sample. As the doping in the semiconductor is increased, the excitonic peak resolves, i.e., the crystallinity improves. This is because the impurities occupy Ga sites and As sites and do not allow the formation of vacancies of those elements, as was also shown in reference [19]. With the increase in impurity, crystallinity is once again lost, due to the substitutional defects that generate shallow energy levels and not deep ones such as vacancies.



Figure 3 shows the PL spectra of the defect zone for the GaAs:Sn 1 × 1017 atoms cm−3 sample taken in 2001 and 2021 at low temperatures.



It is clearly seen in this figure that the spectrum of the defect zone is similar at both measurement times and that the structure is lost as the temperature increases. This similarity indicates that the type of defect is the same in 2001 and 2021. However, the spectra are shifted towards lower energies for the sample that has been aging longer. We propose a hypothesis that since the defect is of the vacancy type, what could be changing is its charge state. It is also noted in Figure 3 that the maximum of the peaks at each measurement time does not change with temperature, typical of a donor-acceptor transition which is not affected by the change in the energy gap with temperature. This donor-acceptor pair must be between an impurity and the As vacancy, which forms a complex I–VAs as reported by several authors [15,16]. In addition, it can be seen that at temperatures below 40 K, the defect peaks have a structure made up of two peaks and a shoulder, separated by 0.030 eV corresponding to the LO phonon of GaAs [15].



PR is a surface-modulated optical technique that has been mostly used to measure the critical points of the solid, in particular the energy gap. In this technique, the change in reflectance over reflectance at a specific wavelength is measured. As it is a superficial technique, these changes are proportional to the ability of the electric field of light to affect the surface charges of the material. Figure 4 shows the PR spectra taken in 1995, 2001 and 2021 for a GaAs:Sn 1 × 1017 atoms cm−3 sample The spectra were fitted using a line composed of the combination of a first derivative Lorentzian function (FDLF) (for the exciton) and a third derivative Lorentzian function (TDFL) (for the band-to-band transition), which is known as the Aspnes equation [20]:


    Δ R   R   =   Re   (    ∑  j = 1   n      C   j       e   i   θ   j         ℏ ω −   E   j   + i   Γ   j       − m    )    



(1)







In Equation (1), the parameter m takes the value of 2.5 for the band-to-band transition and 2 for the excitonic transition. Four fitting parameters are used in the line shape analysis: Cj, θ, Ej and Γ. Cj is the amplitude of the shape of the j line, θj the phase angle, Γj the phenomenological broadening parameter and Ej the energy of the jth transition. The letter j runs for 2 values of transitions, the excitonic and the band-to-band. The results of these fittings are listed in Table 1 for the results of 2001 and 2021.



The undoped GaAs sample did not give an observable PR signal in 2001 and 2021. For this sample, no change in reflectance could be measured, possibly because the electric field of the exciting light turned out to be very small in the face of the high surface electric field of the charged vacancies. The impossibility of obtaining a PR spectrum in the undoped sample shows the low crystalline quality of the aged undoped GaAs sample, as mentioned above. With this analysis, it was found that the exciton energy, Eex = Ex − Eg, gave an average of 7.3 meV in correspondence with the reported value of 7.2 meV [15]. The linewidth of both the exciton and the band-to-band transition increased considerably with aging.



Table 1 shows the values of Eg obtained from fitting Equation (1) to the PR spectra for the different concentrations of impurities in the GaAs samples. With the Eg values and the concentrations of the impurities, we draw the red dots in Figure 5. The fitted values are shown in Figure 5 (red points and line). The theoretical energy gap values based on the concentration given by Equation (2) [21] are plotted in black.


    E   g   300 K   = 1.424   eV − a   N   1 / 3    



(2)




where N is the impurity concentration and a = 9.8 × 10−9 eVcm for p-type GaAs and a = 16.5 × 10−9 eVcm for n-type GaAs. In our case, doping with Sn generated an n-type semiconductor and a p-type semiconductor with Ge. As observed in Figure 5, the value of Eg obtained from PR exhibits a larger shift compared to the calculated value. This is because Equation (1) does not include the defects formed in GaAs over the 26 years. To incorporate the defects, the value of N in Equation (2) was changed to N + x, and x was solved for the different experimental values of Eg. This yielded an average value of x or defect concentration of 5 × 1017 atoms cm−3. When we add this concentration of defects to N of Equation (1), the agreement is quite good. This value of the vacancy concentration is in line with the value obtained in another publication of ours using Raman spectroscopy [19], which indicates a value of 7 × 1017 cm−3.



We reviewed the phenomenological broadening parameter in Table 1 because we can obtain information about the energy depth of the deep traps or defects. The total width squared is the sum of the squares of the instrumental, phononic or thermal, defects and impurities contributions, as follows:


    Γ   o b s   2   =   Γ   i n t   2   +   Γ   p h o   2   +   Γ   d e f   2   +   Γ   i m p   2    



(3)







For the width of defects, we will use the expression proposed by Zdansky and Hawkins [22]


    Γ   d e f   = (   Γ   t r   (   N   T   + 1 ) ^ p )     exp     − 2   N   T   S        



(4)







In Equation (4), Γtr is the internal width of the trap, NT is the thermal distribution of the phonons, S is the Huang-Rhys factor or average of participating phonons and p is the ratio of the trap energy to the phonon energy. We already saw previously that the participating phonon is the LO phonon and that there are two phonons participating in the spectra in Figure 3, and therefore, S = 2. Calculation of the thermal distribution of the LO phonon at 300 K gives 0.46. In this way, Equation (4) becomes:


    Γ   d e f   =     Γ   t r       1.46     p       0.025   .  



(5)







From here we will do a rough calculation to estimate the value of the trap’s energy. We took the observed PR widths from Equation (3) in 2021 (    Γ   21   2    ) and 2001 (    Γ   01   2    ) and subtract them. In this way, the instrumental width and the phononic width cancel out and we will assume that the width of the trap is the same since we have argued that the defect is the same only when its charge state changes. We will also consider that in low doping, the width due to impurities is negligible compared to the width of the defects. In this way, the calculations are:


    Γ   21   2   −   Γ   01   2   =   Γ   t r     2       1.46     2 p   21     −   1.46     2 p   01        



(6)







Fonthal [14] measured p01 = 3 and Γtr = 0.007 eV in 2001. From Table 1, we take the widths Γ21 and Γ01 equivalent to Γ1 for the 1 × 1016 cm−3 sample in 2021 and 2001, respectively. That way, p21 will be 4.74. Since the energy of the trap is Et = 0.030p eV, then Et01 = 0.090 eV and Et21 = 0.142 eV.



Xu and Lindefelt [23] calculated the different charge states in both VGa and VAs. They obtained the following values for the VGa in its different states of charge: 0.100 eV for charge (−1), 0.068 eV for charge (−2) and 0.051 eV for charge (−3). On the other hand, for VAs they obtained the values: 0.145 eV for charge (−1), 0.088 eV for charge (−2) and 0.042 eV for charge (−3). The approximate calculation carried out with Equation (6) yielded values very similar to those reported by Xu and Lindefelt, in particular for the charge (−2) and (−1) of the As vacancy, which is the vacancy that has the highest probability to be formed, because the films grew rich in Ga. An inspection of the position of the maximum peaks in the spectra of Figure 3 gives a difference of 0.052 eV, very close to the difference between the As vacancy energy in the charge state (−2) and the state (−1). Furthermore, the DT, DF and DO peaks in Figure 1 are located at 0.066 eV, 0.101 eV and 0.180 eV, respectively, with respect to the energy gap of GaAs at 300 K (1.424 eV). These values do not give as close results as the previous ones when compared to the charge states of the deep trap energy level of the As vacancy. However, if we subtract the LO phonon energy (0.030 eV) for GaAs from each one, the values we obtain are 0.036 eV, 0.071 eV and 0.150 eV, which are quite close to the trap energies for the charge values (−3), (−2) and (−1) for the As vacancy. Subtracting the phonon LO is justified because vacancies deform the lattice in what is called the Sach-Teller deformation, and therefore, an electron that transits from the conduction band to the vacancy level loses thermal energy due to the rearrangement of the lattice.



It can be stated that the aging process of our GaAs samples is due to the oxygen in the air that produces vacancies due to the oxidation of Ga and mainly As. These vacancies begin in a charge state of (−3) over the years, and they change their state of charge up to (−1) by self-compensation. The aging effect is mainly manifested in the undoped samples, whereas in the doped samples, the impurities Ge and Sn prevent the formation of As vacancies since these impurities occupy Ga and As sites because these elements are amphoteric.




4. Conclusions


The analysis of PL at various temperatures and PR at 300 K in Ge and Sn-doped and undoped GaAs epitaxial films over three periods since 1995 allowed us to observe the aging dynamics of samples stored in a dark and dry environment. We found that aging created defects mainly in vacancy type, which resulted in deep trap energy levels and concentrations of 5 × 1017 atoms cm−3. The impurification through substitutional impurities decreases the deterioration of the sample as Ge and Sn replace Ga and As atoms, preventing the formation of deep traps as vacancies of these last two elements. We were able to estimate the defect trap energies and found that they corresponded to the energies assigned to the charge states (−2) and (−1) of the As vacancy for PR results in 2001 and 2021. There is a dynamic of slow changes in semiconductor materials that age the material over time and affect its photo-response. We recommend both manufacturers and materials researchers store semiconductor samples in an oxygen-free environment to delay the aging process.
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Figure 1. Normalized photoluminescence spectra obtained using a 488 nm laser at a temperature of 300 K, taken on different dates for an undoped GaAs sample. The spectrum in black is taken from reference [13] and the one in red is taken from [14]. 
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Figure 2. Photoluminescence spectra for different doped GaAs samples at 13 K temperature taken in 2021. 
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Figure 3. Photoluminescence spectra of the defect zone for the sample GaAs:Sn 1 × 1017 cm−3 taken in 2001 and 2021 at different temperatures. 
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Figure 4. PR spectrum taken for the GaAs:Sn 1 × 1017 cm−3 sample at 300 K on different dates. 






Figure 4. PR spectrum taken for the GaAs:Sn 1 × 1017 cm−3 sample at 300 K on different dates.



[image: Applsci 14 03806 g004]







[image: Applsci 14 03806 g005] 





Figure 5. Values of the energy gap in GaAs according to Equation (1) and the energy gap values obtained from the PR fitting (shown in red). The stars include the correction explained in the main text. 
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Table 1. Results of fitting to the PR spectra with Equation (1).
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	2021
	
	
	
	2001
	
	





	N (atoms cm−3)
	1 × 1016
	1 × 1017
	2 × 1018
	1 × 1019
	1 × 1016
	1 × 1017
	2 × 1018
	1 × 1019



	C1
	3.16
	5.44
	1.41
	3.22
	2.18
	4.31
	16.11
	4.20



	Eg (eV)
	1.4164
	1.4142
	1.4055
	1.4031
	1.4196
	1.4174
	1.4070
	1.4050



	Γ1 (eV)
	0.025
	0.049
	0.420
	0.512
	0.014
	0.024
	0.100
	0.250



	θ1
	−2.760
	0.584
	0.965
	0.788
	−2.156
	0.088
	3.124
	−0.005



	C2
	9.15
	8.32
	4.39
	7.16
	8.16
	10.12
	32.11
	15.92



	Ex (eV)
	1.4096
	1.4068
	1.3988
	1.3961
	1.4123
	1.4107
	1.3997
	1.3977



	Γ2 (eV)
	0.049
	0.032
	0.081
	0.193
	0.005
	0.019
	0.074
	0.120



	θ2
	−12.570
	−1.483
	−1.506
	−6.209
	0.052
	0.092
	0.433
	−0.051
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