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Abstract

:

We propose and demonstrate that temperature-dependent curve-fitting error values of the Schottky diode I–V curve in the forward regime can be an auxiliary diagnostic signal as the temperature-scan Capacitance DLTS (CDLTS) signals and helps to work time-efficiently with high accuracy when using the Laplace Transform (LT)–DLTS or Isothermal Capacitance transient spectroscopy (ICTS) method. Using Be-doped GaAs showing overlapping DLTS signals, we verify that the LT–DLTS or ICTS analysis within a specific temperature range around the characteristic temperature     T   p e a k     coincides well with the results of the CDLTS and Fourier Transform DLTS performed within the whole temperature range. In particular, we found that the LT–DLTS signals appeared intensively around     T   p e a k    , and we confirmed it with the ICTS result. The occurrence of the curve fitting error signal is attributed to the relatively increased misfit error by the increased thermal emission from the deep-level trap in the case near the     T   p e a k    , because the applied transport model excludes defect characteristics.
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1. Introduction


Defects in semiconductor devices can have significant effects on their electrical transport properties. Among the traditional methods for electrical analysis of these defect characteristics, Capacitance Deep Level Transient Spectroscopy (CDLTS) [1] is the best known. The principle of the CDLTS capturing or emitting charge carriers at deep levels has also been adopted in many ways to Optical DLTS [2,3,4,5], Photoinduced Current Transient Spectroscopy (PICTS) [6,7,8,9,10], Fourier Transform (FT)–DLTS [11,12,13], Laplace Transform (LT)–DLTS [14,15,16], Charge based (Q)–DLTS [17,18,19,20], etc., according to the measurement environment and sample conditions. However, the analysis methods mentioned above are typically performed over a very wide temperature range (e.g., (60–400) K) using very short temperature intervals (e.g., 1 K) over very long periods of time (e.g., several hours in some cases, and over 12 h in specific cases). Isothermal DLTS (or Isothermal Capacitance Transient Spectroscopy (ICTS)) [21,22], which enables DLTS analysis at a specific temperature, also requires the temperature-scan DLTS first when the measurement sample is a complex system, additionally performed at the temperature specially selected among the overlapped DLTS signal [23]. Ultimately, most of the DLTS experiments for the entire temperature range are inevitable. Therefore, despite being good defect analysis tools with sensitive resolution, the long measurement time they all require has recently served as an obstacle to their widespread usage in industrial applications.



The present study addresses a methodology that a diagnostic signal similar to the DLTS signal can be obtained from curve fitting in the forward regime of the Schottky diode, and by using this diagnostic signal, the DLTS measurement and analysis time could be shortened in particular cases through LT–DLTS or ICTS measurement, without performing temperature-scan DLTS. We chose the simplest GaAs PIN solar cell structure [24] to demonstrate our methodology. GaAs is one of the representative III–V materials, and its DLTS study has been widely reported [25,26]. We fabricated a lateral Schottky diode to examine only the p-GaAs layer (100 nm) using DLTS with our new auxiliary diagnostic signal. The merit of selecting this lateral device structure is that deep-level analysis is possible by utilizing lateral transport characteristics even if the thickness of the channel is in the nanometer scale. We first show that the deep-level activation energy values in our sample obtained from conventional analysis by performing CDLTS measurements are similar to those previously reported by other groups. This means that the conventional DLTS measurement and interpretation of our sample are highly accurate. Meanwhile, by using capacitance transient data obtained experimentally for CDLTS analysis, other analysis methods, FT–DLTS and LT–DLTS analysis, are added to show that all three analysis methods provide similar results, proving that our FT–DLTS and LT–DLTS analysis methods are reliable. In this process, we found that the LT–DLTS or ICTS analysis method is the one among our analysis methods that can give a similar result by measuring around the     T   p e a k    . Generally, in LT–DLTS analysis, it is also a common analysis method to analyze all capacitance transient data obtained over a wide temperature range; but in the case where overlapped DLTS signals exist, such as the sample used in this study, it was found that similar results can be obtained, even by analysis in a small temperature range centered on the     T   p e a k     of the peak with the highest intensity of DLTS signal. Therefore, our study suggests that when the LT–DLTS analysis method is used as an analysis method to obtain the deep level, the deep level corresponding to the     T   p e a k     can be obtained even by simply measuring around the temperature range where the DLTS signal occurs. In other words, when a discrete DLTS signal exists, one deep level can be obtained from measurement and analysis around the characteristic temperature, but where overlapped DLTS signals exist, multiple deep levels can be obtained around the     T   p e a k    . In the case of this study, the samples used overlapped with the DLTS signals, and efficient deep-level analysis was possible with LT–DLTS analysis in a very small temperature range. We also double-validated LT–DLTS with ICTS at a specific temperature around     T   p e a k    .



On the other hand, we additionally proposed a method to estimate the     T   p e a k     where the DLTS-like signal exists without a DLTS scan for the entire temperature range. That is the I–V curve fitting error signal as an auxiliary diagnostic signal. This technique uses the error generated in the process of fitting the I–V curve in the forward region of the Schottky diode by applying the transport model [27]. Since deep-level information is not included in the transport model, the experimental current values at the     T   p e a k     at which the trapped carriers present in the deep level are emitted exhibit abnormal transport characteristics, and significant errors occur due to the difference between the experimental and theoretical current values. We show that this error signal is very similar to the DLTS signal. Therefore, if the error signal for the temperature is obtained in advance before the DLTS experiment, the     T   p e a k     can be estimated from the error signal; then the LT–DLTS or ICTS signal can be obtained time-efficiently by measuring the vicinity of the     T   p e a k    . This study suggests that the LT–DLTS or ICTS analysis method using the I–V curve fitting error signal can obtain similar results, while reducing the measurement time, compared to the existing capacitance DLTS method.



The novelty of our work is that we utilized the fitting error of the Schottky diode I–V curve not as a by-product but as a key role for diagnosing the characteristic peak position and the number of deep levels of DLTS analysis. Finally, we also compared our method with other methods like TSC [28,29,30] (or TSCAP [30,31,32]), which might be considered auxiliary tools for DLTS. It is thought that the methodology of this study will help to utilize DLTS more efficiently in the industrial environment.




2. Sample and Experimental Scheme


The test sample used in this study is a 100 nm thick Be-doped p-type GaAs epitaxial layer grown using the MBE method, supplied by iSensIRs [33] (Figure 1a). Detailed material characterizations of the Be-doped p-type GaAs epitaxial layer are given in the Supplementary Information (SI) [see Figures S1–S3]. A Schottky diode was fabricated for the I–V, CDLTS, FT–DLTS, and LT–DLTS analyses. As shown in Figure 1a, a circular Pd/Au (20 nm/100 nm) Schottky electrode (  D   ~ 500 μm) was formed on the p–GaAs cap layer. An ohmic contact metal of Ti/Pt/Au (20 nm/50 nm/100 nm) was formed on the p–GaAs cap layer as a ring electrode near the circular Schottky contact (Figure 2a). After the Schottky diode structure was fabricated, the I–V was measured using a Keithley 2614B system over the temperature range (80–400) K at 10 K intervals. For transport mechanism analysis in the forward bias region, measurements were taken at 25 mV intervals up to (0–1) V and then at 250 mV intervals up to (1–6) V. The C–DLTS measurements were performed using a Boonton 7200 and NI USB6363. The curve fitting model in Ref. [27] was used, along with the gradient descent and Newton methods. The FT–DLTS analysis was carried out using the methodology in Ref. [11]. One of the numerical inverse Laplace transform algorithms, the CONTIN algorithm in Ref. [34], was used for LT–DLTS analysis.




3. Results and Discussion


3.1. Error Signal from I–V Curve Fitting of the Schottky Diode


As mentioned in the introduction, if the     T   p e a k     at which the DLTS signal appears can be known in advance, the measurement time can be drastically reduced by performing the LT–DLTS measurement only around that temperature. We propose an error signal through I–V curve fitting to determine this     T   p e a k     without DLTS measurement for the entire temperature range.



Figure 1a shows the structure of the p–GaAs sample used in this study, along with a schematic of the Schottky diode. As the characteristics of the Schottky diode for conventional DLTS measurement, we checked the built-in potential 0.11 V at 130 K and the absolute reverse leakage current 0.85 mA at −5 V [see Figure S4a of the SI]. Although it shows a somewhat leaky characteristic, this means that there is no problem with DLTS measurement. The activation energy using reverse leakage current was about 0.06 eV, which was also confirmed to appear as one of the deep levels obtained through DLTS measurement [see Figure S4b of the SI]. This means that our Schottky diode is suitable for DLTS analysis (see the SI).



Figure 1b shows the I–V curve measured by raising the temperature at 10 K intervals from (130 to 350) K. Figure 1c shows the result of curve fitting at 350 K using the transport model in the forward bias area of I–V data. The transport model that was used for IVT fitting was from Ref. [27], while the gradient descent and Newton methods were used for the fitting algorithm according to their routine. Table S1 of the SI summarizes the detailed transport model equations in Figure 1c. The misfit error at a given temperature was defined as follows:


  M i s f i t   e r r o r =   1   N     ∑  k = 1   N      L o g     I   f i t t e d ,   k   t h   p o i n t       I   a c t u a l ,   k   t h   p o i n t            



(1)




where   N   is the number of points measured in the forward regime in Figure 1c. Figure 1d shows the misfit errors at all temperatures. Hereafter, we will call these misfit errors in Figure 1d error signals. Later, we will show that this error signal is very similar to the DLTS signal (see Figure 2a). The error signal in Figure 1d shows that error peaks from I–V curve fitting are formed around the characteristic temperatures     T   p e a k , e r r o r     of (100, 250, and 280) K. This error peak can be considered to correspond to the DLTS peak at the characteristic temperature     T   p e a k , D L T S     of the DLTS signal, i.e.,     T   p e a k , e r r o r     ≈     T   p e a k , D L T S     ≡     T   p e a k    . We could assume that this is because the error signal shape is similar to that of the DLTS peak: While the temperature increases, the charged carriers captured near the deep level are activated and emitted by thermal energy, and the excess current value increases. Since this phenomenon is not applied to the I–V transport model for IV curve fitting, it is inevitable that the misfit error relatively increases. The difference between the full width at half maximum (and peak position) of Figure 1d and the DLTS signal can be attributed to a problem of fitting accuracy in the process of obtaining the error signal. The more precise the curve fitting process is, the more accurate the error signal is comparable to the actual DLTS signal: Figure 1d shows three main peaks (P1, P2, P3), which correspond to the temperature positions of the     T   p e a k     in the DLTS signal [see Figure 2b and Figure 3a]. However, the peak heights appear non-proportional. This discrepancy can be attributed to the relatively higher curve fitting error at low temperatures than at high temperatures.



The original purpose of the I–V curve fitting is to understand the current transport mechanism. However, our study does not suggest a new model for optimizing these fittings because our goal is to select a temperature range with a relatively large error and use it for the LT–DLTS analysis introduced in Section 4. Therefore, there is no need to conduct fitting for all temperatures. In other words, the purpose is not to obtain a strict     T   p e a k     value but to determine the minimum measurable temperature range of DLTS based on the presence or absence of an error signal and     T   p e a k    . Therefore, the I–V–T measurement was performed at 10 K intervals, which is ten times the minimum interval (for example,   △ K = 1  ) used for DLTS measurement. However, at each temperature, the fitting itself should use a rigorous algorithm to reduce errors to a minimum.



On the other hand, we also tried to use an additional method that is similar to the thermally stimulated current (TSC) signal to infer the characteristic temperature     T   p e a k , D L T S     of the DLTS signal; i.e., we plotted the values at a specific bias voltage against the temperature in the I–V–T results of Figure 1b, but in our sample, the TSC-like signal was not found, which made it difficult to define     T   p e a k     (data not shown here). To this point, we showed that the deep-level characteristic temperature     T   p e a k , D L T S     can be inferred through the     T   p e a k , e r r o r     obtained from the error signal from the I–V curve fitting method immediately after measuring the I–V characteristics. Before revealing how we applied our methodology to LT–DLTS analysis, first, for comparison with the conventional defect analysis method, CDLTS and FT–DLTS analysis results were obtained as references.




3.2. Activation Energy from Capacitance DLTS


Figure 2a shows a schematic of the capacitance transient process after the pulse edge time     t   0     to explain the parameters of the formula used in the CDLTS and FTDLTS analyses. The filling pulse time     t   p   = 50   ms and     T   W   = 0.1   ms were used. Figure 2b presents a normalized capacitance DLTS signal according to the change of rate window (    t   w   =   1     e   p     = (   t   2   −   t   1   ) l n ⁡ (   t   2   /   t   1    )) with time ratio   (   t   2   /   t   1    =5). Figure 2c shows the Arrhenius contour plot expressed using Figure 2b. The formula used here is from Ref. [35]:


  l n       e   p       T   2       = l n      6  π 1.5   k   2     m   h   *     σ   h       h   3       +     − △   E   a     1000 k       1000   T    



(2)




where     e   p     is the hole emission rate,   T   is the absolute temperature,   k   is Boltzmann’s constant,     m   h   *     is the hole effective mass, and   h   is Plank’s constant. Figure 2c shows the activation energy     E   a     and captured cross-section for the three peaks (P1, P2, P3), while Figure 2b correspondingly expresses the temperature positions. Figure 2d shows the trap density for each temperature. For trap density     N   T    , the following formula was used [35]:


    N   T   ≈ 2   N   A     △   C   0       C   0   ( ∞ )    



(3)







Here,     N   A     should be strictly used as the value calculated from the C–V measured at each temperature. However, for simplicity, we used     N   A     obtained at 300 K to calculate     N   T     at all temperatures. We did this because our purpose is to find the number of deep levels and the activation energy from the Arrhenius plot in the minimum experimental temperature range, so we omitted precise measurement of the value of     N   A     of     T   p e a k     and/or     N   A     of all temperatures. The FT–DLTS and LT–DLTS methods, which are later comparatively analyzed, also have formulae for obtaining trap densities. However, since our current interest is not in those formulae, we introduce the trap density obtained only from CDLTS. Moreover, from now, the confirmation and comparison of the     E   a     for the three peaks observed from FT–DLTS and LT–DLTS show that they are similar to those from CDLTS; therefore, the advantage of LT–DLTS will be demonstrated, in that it is capable of effective measurement time.



Figure 2b,c find that P1 exists below 150 K, P2 exists around 200 K, and P3 exists around 250 K. The existence of these peaks was noticed because we performed experiments at 2 K intervals from (80 to 400) K. To obtain one capacitance transient data, the temperature ramping rate was 1 K/10 min, and the experiment time to obtain all data was about 27 h. We could proceed faster if we were to adjust the temperature ramping rate, but conducting precise experiments might take longer. The     E   a     values for the three peaks we analyzed were confirmed to be very similar to the     E   a     values for Be-doped GaAs that have previously been published by other groups [36], where     E   a 1    ,     E   a 3     are related to the arsenic vacancy–interstitial pair and     E   a 2     is speculated as a complex type of defect.



As mentioned above, when conducting CDLTS analysis, measurements have to be taken for a long time over a wide temperature range. Therefore, in most cases, when performing a DLTS experiment, the first step is to roughly determine the measurement temperature range and measurement temperature interval and use a fast temperature ramping rate to obtain a thermally stimulated capacitance signal. Another common method is for precise experiments to be performed again after quickly testing the DLTS signal using only one measurement variable,     V   p     or     t   p    . As such, it is often necessary to conduct a separate pre-test to determine whether the deep level is expressed, and how large a temperature range should be selected. We can additionally reduce the experiment time since we can accomplish this with only a basic I–V–T test.




3.3. Activation Energy from Fourier Transform–DLTS


In the next step, we will consider deep levels obtained from the FT–DLTS method, one of the most common defect analysis methods. We note that this analysis method also uses the same capacitance transient data, so the measurement time required to obtain the characteristic peaks is inevitably the same as that of CDLTS. Although there are advantages of analysis using FT–DLT, it is also difficult to expect a dramatic reduction in measurement time. In the FT–DLTS analysis, the capacitance transient is interpreted as a Fourier series, while the DLTS signal can be expressed as a Fourier coefficient and is expressed as follows [11]:


    a   n     τ   =   2 △ C     T   W       exp  ⁡    −     t   0     τ       [ 1 − e x p ⁡ ( −   T   W   / τ ) ]   1 / τ     1     τ   2     +   n   2     ω   2      



(4)






    b   n     τ   =   2 △ C     T   W       exp  ⁡    −     t   0     τ       [ 1 − e x p ⁡ ( −   T   W   / τ ) ]   n ω     1     τ   2     +   n   2     ω   2      



(5)




where     T   W   = 1   ms,     t   p   = 50   ms,   ω = 2 π /   T   W    , and   Δ C   is the amplitude of the capacitance transient. The emission rate     e   p     can also be determined from the ratio of Fourier coefficients, as follows:


    1 / e   p       a   n   ,   a   k     =   1   ω        a   n   −   a   k       k   2     a   k   −   n   2     a   n       



(6)






    1 / e   p       b   n   ,   b   k     =   1   ω        k b   n   − n   b   k       k   2   n   b   k   −   n   2   k   b   n       



(7)






    1 / e   p       a   n   ,   b   n     =   1   n ω       b   n       a   n      



(8)







Figure 3a shows the     b   1     signal for the     T   W     change. Using the relational expression for     a   n    ,     b   n    , and     e   p    , the Arrhenius plot with     e   p       a   1   ,   b   1       values was created and is shown in Figure 3b. The     E   a     values of the three peaks in Figure 3a are shown in Figure 3b. It can be seen that these values are very close to the     E   a     values shown in Figure 2c. It can therefore be seen that the deep levels of the p–GaAs sample shown in our experiment form three main peaks, and that the activation energy is almost identical to the reported value. Finally, to verify our proposal, in the next section, we demonstrate that the same effect that is achieved using CDLTS and FT–DLTS can be confirmed in a very short temperature range by using the LT–DLTS analysis method.




3.4. Minimal Test Time Using the Laplace Transform–DLTS


The LT–DLTS analysis method is also widely used for deep-level analysis along with the FT–DLTS. In the LT–DLTS, capacitance transient data   C ( t )   can be expressed as the Laplace transform of the spectral density function   f (   e   p   )  , as follows [34]:


  C ( t ) =   ∫  0   ∞    f     e   p       e x p ⁡ ( −   e   p   t ) d   e   p    



(9)




where     e   p     is the emission rate, and   t   is time. The same capacitance transient data obtained in the CDLTS experiment was used in the LT–DLTS analysis. The LT–DLTS analysis assumes that the capacitance transient data   C ( t )   consists of a superposition of charged carriers with individual decay times of carriers. Therefore, the   f (   e   p   )   can be obtained by numerically performing the inverse Laplace transform of the   C ( t )   obtained through the experiment. This   f (   e   p   )   is called the LT–DLTS signal. By decomposing overlapped information, it is possible to predict the number of traps (the number of deep levels). Since the same transient data obtained in C–DLTS analysis is used, LT–DLTS analysis for all temperatures is performed, and the Arrhenius plot is performed using the peak position of the LT–DLTS signal to obtain the deep-level activation energy and capture the cross-section.



If the deep level has energy bandwidth or if several deep levels overlap, the CDLTS signal will appear broad. The LT–DLTS analysis appears to be capable of more precise decomposition than CDLTS, even under these circumstances [30]. As shown in Figure 2b and Figure 3a, in the special case where three DLTS signals overlap, we want to show that if the LT–DLTS analysis method is applied around the     T   p e a k     ((190–200) K) where all DLTS signals overlap, the same analysis results as the CDLTS analysis obtained in all temperature ranges can be obtained. We used open Python code to obtain   f (   e   p   )   [34,37]. Figure 4a shows   f (   e   p   )   at 180 K. Figure 4b shows an Arrhenius contour plot created using all   f (   e   p   )   data obtained from the Inverse Laplace transform, as was done in Figure 4a for all measured temperatures. In the Arrhenius plot using the   f (   e   p   )   peak of LT–DLTS, we must focus on the region with a negative slope. This is because doing so can allow     E   a     to be obtained and capture cross-section values through the slope and the y-axis intercept, respectively.



At all temperatures, three peaks appear, as shown in Figure 4a, but Figure 4b shows only more than 50% of the maximum intensity of   f (   e   p   )   as a contour plot. The data are presented like this to allow for the two main peaks to be observed in further detail, since—in our data—the main peak is most prominently decomposed into two peaks in the range (175–200) K. The LT–DLTS analysis, as shown in Figure 2b and Figure 3a, indicates that the separation was clearest near     T   p e a k   ≈ 200   K.



The P3 peak values in Figure 4a were excluded from the contour plot for analysis due to the peak intensity being very small and the peak positions not regularly changing with temperature. However, it was possible to obtain all the deep-level information simply by observing the changes of the two main peaks, P1 and P2, decomposed at around 200 K. The two peaks separated in Figure 4b can be regarded as forming two groups for convenience. Let us refer to these as the upper group and the lower group.



Looking at the upper group, all three slopes representing the different     E   a     values are clearly along the temperature range (5.45 to 5.65) in 1000/K values (x-axis). Even in the lower group, three slopes are distinguished in 1000/K values between about (5 and 5.47). In other words, in Figure 4b, both peaks P1 and P2 could show three slopes with temperature change. We also notice that even if the 1000/K value is further narrowed to the range (5.4–5.6), three distinct slopes are evident at once through the upper and lower groups.



To summarize our results, the Arrhenius plot of LT–DLTS shows that (1) several discrete deep levels can be identified along the specific temperatures using one spectral peak, and/or (2) different deep levels can be identified within the short specific temperature ranges using several peaks. From the above property (1), we can guess that LT–DLTS can repeatedly express the spectral peak’s slope in an arbitrary temperature range. This is considered an advantage of LT–DLTS analysis. In actuality, Figure 4b shows that the activation energy values obtained by linear fitting along the dotted line show the same results at different locations. This result is also consistent with the values obtained in Figure 2c and Figure 3b. Finally, if the temperature range is further narrowed, for example, even if only the temperature range of (180–190) K ((5.6–5.2) in 1000/K) is measured, then all deep levels are expressed. Therefore, we proved that a similar result as conventional CDLTS measurement could be obtained, even if the characteristic temperature     T   p e a k     is confirmed through the I–V curve fitting error signal, and the LT–DLTS analysis is performed only in the minimum temperature range around     T   p e a k    . To further confirm that LT–DLTS can be performed in a very narrow temperature range, the ICTS analysis [21] was performed and confirmed that similar     E   a     values were derived (Figure S7 of the SI). The additional effectiveness of our work is peak finding accuracy is better than the other comparable diagnostic tools like TSC. We compared this in Section S6 in Supplementary Information.





4. Conclusions


For a diagnostic signal for DLTS measurement, the current work proposed and demonstrated an I–V curve fitting error signal of the Schottky diode. From the I–V–T measurement of the Be-doped GaAs Schottky diode, by performing curve fitting in the forward region, a misfit error signal for temperature was obtained, and the shape of the error signal was confirmed to be very similar to the CDLTS signal and b1 signal. This is because the charged particle captured at the deep level in the characteristic temperature     T   p e a k     emerges as an excess current in the I–V curve due to the emission phenomenon caused by thermal energy. This phenomenon is used to obtain the misfit errors between the experimental and theoretical values in the I–V curve fitting. Particularly we found that the results of LT–DLTS or ICTS analysis within a very small temperature range of (180–190) K based on the characteristic temperature     T   p e a k     ≈   200 K, which showed the largest signal among error signals, show similar results as the CDLTS and FT–DLTS analysis analyzed in the wide temperature range of (80–400) K. In addition, we demonstrated that DLTS measurement could be achieved time-efficiently using the LT–DLTS or ICTS method with the defect characteristic temperature of the error signal. Our methodology is expected to open up new possibilities for effective defect analysis when evaluating the characteristics of devices, such as 2D materials.
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Figure 1. (a) Schematic structure of the p–GaAs Schottky diode. (b) I–V–T experimental data measured by temperature increment (  ∆ T = 10   K  ). (c) Curve fitting analysis at 350 K. (d) Error signal of I–V curve fitting. 
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Figure 2. (a) Schematic of the CDLTS measurement. Period width     T   W     was used in the FT–DLTS analysis in Figure 3. (b) Capacitance DLTS signals with     t   w     variation as     t   2   /   t   1     = 5. For the plot, n of     t   1 , n     was used from (2 to 500), increasing by 5. (c) Arrhenius contour plot for activation energy and to capture the cross-section. (d) Plot of trap density vs. temperature. Figure S5a of the SI shows the Capacitance transient data. 
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Figure 3. (a)     b   1     plot of FT–DLTS. (b) Arrhenius plot of FT–DLTS. Plot points were obtained by only using   τ (   a   1   (   T   W   / 15 ) ,   b   1   (   T   W   / 15 ) )   value. 
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Figure 4. (a) Spectral function   f (   e   p    ) obtained from the Inverse Laplace transform of   C ( t )   at 180 K. The whole data is shown in the inset. (b) Arrhenius contour plot of the LT–DLTS. 






Figure 4. (a) Spectral function   f (   e   p    ) obtained from the Inverse Laplace transform of   C ( t )   at 180 K. The whole data is shown in the inset. (b) Arrhenius contour plot of the LT–DLTS.



[image: Nanomaterials 13 02866 g004]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  nanomaterials-13-02866


  
    		
      nanomaterials-13-02866
    


  




  





media/file6.jpg
w®

Infe, s 'K ?)

05

£ 02000
798X 10,

W
Emission rate [s ']

107

Pl

52 54 se
1000 (K1)

58





media/file1.png
(a) (b)

p-GaAs Schottky diode

102
Top veiw
<
£10° i 60 K
Cross o Forward
section veiw = Bj \
O LB Reverse
- regime Bias. ]
regime
i | |
n** GaAs substrate —4 _9 0 2 4 6

(C) (d) Voltage (V)

-

Current (A)

Misfit erro

100 150 200 250 300 350
Voltage (V
ge (V) Temperature [K]





media/file7.png
fle,)

1
08¢} R P1 .
) 0
x
0.6 f 17
> A
a =
o
04 '% i l:n.
= | 2.
| - E
02+ § " Emisson rate (11s) <"
P3
0 _/--‘I\- I
10710 10°° 10° 105 1010

Emission rate [5'1]

(b)

E, = 0.06 eV
o, =1.05%x1072%cm2__
1 N ‘ﬁ\_‘ :/?’*
05! |Eaz=020eV \
g, =796 x 1077 cm
0
Eg3 = 0.30 eV
g3 = 3.41 X 10714 cm?
-0.5] |
—1
-1.5 ‘ | . |
5 5.2 5.4 5.6 5.8 6
1000/T [K ]






media/file5.png
b, [pF]

1400

(a)

1200 |

1000

800

600

400

200 -

Tyw =1ms

P1
b, (Ty/15)

b, (Tw /20)

b, (T /25)

by (Ty /30)

P2

P3

100

150 200 250
Temperature [K]

300

In[e prrz](s"' K 2)

-
on

=
o

(b)

E,, = 0.05 eV

g, = 3.19 x 1072% ¢m?2

5

E,; =027 eV
P3 o3 = 4.60 x 10717 cm?
E,; = 0.20 eV
P2 g, = 1.03 x 10717 cm?
) 6 7 8 9

1000/T [K ]

10





media/file3.png
~
Q
—
-
N
. T
g
]
o)
—

~
S

JAc Co()

Input bias pulse
OFF

5V
quiescent

0

.ﬁCDfCu{DD}
o
o

o
=

ON

0.05

|
=
(=
>

ot 1>

~
)
o
=
a
S
o
o
O
S

“05|E, =028V
4| 02 =5.62%x1077 cm?
e —1.5] Pz l "T’E
= S,
v >
NE' 2.5 §
o 3 E.1 = 0.05 eV 0.1 T
3 g, = 8.84 x 1072° cm? &
3.5 0.05 -
E.: = 0.30 eV
—4 g = 2.29 x 10716 cm? il L
_ . _ . 0
4 6 8 10 100

1000/T [K

0.25

o
R

P21 ton/tin =5
t, =58x 107>
At =4 % 107°
tl,n. =11 + (ﬂ — l)