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Abstract


The effect of a macromolecular additive on the etching rate of aluminum (Al) horizontal etching in the wet process was investigated in this work. The horizontal etching in the Al wet etching process became more evident as the film Al becomes thicker. The proposed macromolecule additive, including polyethylene-polypropylene glycol, was added into the Al etchant solution to reduce the Al horizontal etching rate (ER). The undercut problem during metal patterning can then be improved. By using this method, the Al horizontal ER was reduced from 2.0 to 0.9 μm per minute and the selection ratio between the horizontal and vertical ER was effectively improved from 3 to 1.3 times. As well, a hypothesis of physical mechanism for the improvement was proposed. The dispersed particles from the additive emulsion inhibited the transport and exchange of liquid in a horizontal direction. This work provides an alternative reference to improve the selection ratio performance in the metal wet etching process compared with that when using traditional method.
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1. Introduction


With the rapid development of a three-dimensional integrated circuit and advanced wafer level package technology in the recent decade, the aluminum (Al) wet etching process has attracted tremendous attention. It has the advantages of low cost, high selectivity, process compatibility, free from plasma damage, high reliability, and low leakage [1,2,3,4,5,6,7,8,9,10,11,12]. However, it has been increasingly necessary to seek an effective strategy to suppress the horizontal etching in the Al wet process with the scaling of devices. In the meantime, the etch bias and uniformity of Al pattern’s critical dimension (CD) are expected to be as small as possible. The etch bias is defined locally as the distance between the lithography and the etch contours of a given structure. However, it is not easy to reduce the horizontal etching rate (ER) of Al wet etching [13,14,15,16] due to the difficulty of controlling the transport and exchange of the etchant on a micro-scale. Usually, the ratio between the horizontal etching rate and vertical etching rate (RHV) is around 3 to 5 [16]. It is well known that the main factors to affect the Al horizontal etching include growth conditions, surface hydrophobicity of materials, mask materials with higher adhesion [2], and micro-transport and exchange of liquid [1,14,15,16,17,18]. Scotti et al. [14] proposed the use of hexamethyldisilazane for better adhesion of the photoresist. They found that the delamination of the photoresist was a big problem when the Al etching time is longer than 20 min. As well, the photoresist adhesion on a rough etched surface of Al was better than on a polished one [14]. Moreover, Jiang et al. [19] proposed a method for Al wet etching combining dry etching to solve the problem of the undercut. The undercut of an Al layer with a 4 μm thickness can be reduced to less than 2 μm. Brask et al. [20,21,22,23] suggested a method to etch metal layers on high-k layers with thicknesses from 2.5 to 5.0 μm by wet etching. The wet etch chemistry contained an active ingredient with a diameter that exceeded the thickness of the metal layer [20,21,22,23].



In this work, we put forward a more feasible method to restrain the Al undercut, which is to add a macromolecule additive into the etchants to reduce the horizontal ER of the Al wet etching. To prove the effectiveness and consistency of this method, the distributions of the additive dispersed particles were measured with three stirring conditions and three mixing concentrations. Then, the effect of the distributions of the additive dispersed particles on the horizontal ER of the Al films with different thicknesses were investigated. A hypothesis was also proposed that the dispersed particles of the additive emulsion inhibit the transportation and exchange of the liquid in the horizontal direction. The results provide a meaningful reference for the development of the Al wet etching technique.




2. Experimental Section


As shown in Figure 1, the wet etching bath consists of an inner bath, an outer bath, and circulating pipelines. The inner bath is filled with chemicals that overflow to the outer bath due to the fact that the liquid level in the outer bath is lower than that in the inner bath. Then, the pump drives the chemicals from the outer bath to the inner one via circulating pipelines. The liquid flow rate of the pump can be adjusted from 0 to 20 L per minute (L/min).



A kind of Al etchant (BASF, Taipei, China) consisting of 80% phosphoric acid, 10% nitric acid, and 10% acetic acid was used in the experiments. According to the manufacturer, the ER of the etchant for Al was 0.7 μm per minute (μm/min) at 55 °C. There is no need to add additional components to remove the native alumina oxide that is attributed to the phosphoric acid in the etchant. [17,18]. Then, a kind of macromolecule additive (BASF, Taipei, China) consisting of 75% Polyethylene-polypropylene glycol (CAS No. 9003-11-6) and 25% water was added to the Al etchants. The Polyethylene-polypropylene glycol is minimally soluble in water and enters an emulsifying state after being fully stirred.



In the work, three mixing additive concentrations of 0.2, 1, and 5% were adopted. Among them, additive concentrations of 1% are recommended by the supplier. The additive was also added in the etchant under three stirring conditions with a flow rate of 3, 7, and 15 L/min, respectively. The distributions of the additive dispersed particles were characterized by a laser particle size analyzer (Mastersizer 3000, Malvern, UK). Then, the impact of the three concentrations (0.2, 1, and 5%) and the distributions of the additive dispersed particles on the aluminum dissolution was studied.



Firstly, the thermal oxide film with a thickness of 2 μm was prepared on p-type (100) silicon substrates. Then, the Al films with a thickness of 0.2, 0.5, and 2.0 μm were deposited on the thermal oxide films. The Al preparation was conducted in a sputter physical vapor deposition (PVD) chamber (AMAT Endura 5500, California, CA, USA) at a power of 3000 W, a bias power of 700 W, and an Argon gas flow rate of 30 sccm. Secondly, the photoresist patterns with a CD of 45 μm were developed on the Al film. Then, the samples were immersed into the etchants at 23 °C for 0.5~4 min at different additive concentrations of 0 (no additive), 0.2, and 1% and stirring condition of 15 L/min. The main reactions of the wet etching aluminum are the following [16]:


Al → Al3+ + 3e− aluminum oxidation reaction



(1)






Al3+ + PO43− → AlPO4 generate soluble product



(2)






2H+ + 2e− → H2 generate hydrogen



(3)







An optical microscope (OM) (Nikon Eclipse L300N, Tokyo, Japan) was used to gauge the CD and undercut of the Al patterns. The thickness of the Al films was measured by a four-point resistance probe (KLA-Tencor RS55, California, CA, USA). First, the probe measured the square resistance of the Al films. Then, the thickness of the Al films was calculated automatically according to the sheet resistance of the Al films (from the KLA-Tencor RS55 database) because the sheet resistance is inversely proportional to the thickness. The microstructure and morphology of the Al films were characterized by a scanning electron microscope (SEM) (Hitachi S-4800, Tokyo, Japan).




3. Results and Discussion


To observe the dissolution of the additive under different stirred conditions, three stirring conditions with flow rates of 3, 7, and 15 L/min were tested. The optical photographs of the mixed solutions for the additive with a concentration of 1% were shown in Figure 2. Figure 2a shows that the mixture presented as almost transparent and had huge oil droplets appear on the liquid surface with a flow rate of 3 L/min. As shown in Figure 2b, the mixture became cloudy and milky white. It had many tiny oil droplets on the liquid surface with a flow rate of 7 L/min. Figure 2c displays that the mixture has been turbid and completely opaque with a flow rate of 15 L/min.



The distribution of the additive dispersed particles with a concentration of 1% was obtained by using a laser particle size analyzer with a 15 mL mixture sample and is shown in Figure 2d. It is important to measure the particle size distribution immediately after taking a sample. The particle size was acquired no longer than 5 min after taking a sample from the bath. As can be seen at a flow rate of 3 L/min, the curve had two peaks located on particle sizes of 0.6 and 4.0 μm, respectively. As well, the corresponding sizes ranged from 0.1 to 40.0 μm. By increasing the flow rate to 7 L/min, the distribution curve became concentrated and had one spike located on a particle size of 0.50 μm. Under the stirring conditions for a flow rate of 15 L/min, the curve presented a high and narrow peak located at 0.37 μm. The distribution of the particle sizes ranged from 0.05 to 1.60 μm.



Therefore, different stirring strengths obviously affected the uniformity of the mixture. As the stirring rate increased, the distribution in the solution tended to be uniform. Moreover, it was observed that the solution was not fully mixed at flow rates of 3 and 7 L/min to maintain a completely and stably emulsified state. Then, the additives were precipitated out and separated into layers, which might result in poor uniformity and worse repeatability of Al ER. By increasing the flow rate to 15 L/min, an ideal dispersed phase distribution and a narrow peak were obtained. In addition, it is found at a peak located at the beginning of the curve of 15 L/min, which shows that small particles began to appear under stronger stirring conditions (>15 L/min). Based on this finding, we adopted a stirring condition of 15 L/min in the subsequent experiments.



At a fixed stirring rate, different mixing concentrations affecting the Al ER were studied. Figure 3 shows the solution of different mixing concentrations. With the concentration of 0.2%, the solution appeared almost transparent as shown in Figure 3a. When the concentration was increased to 1%, the mixture was turbid and completely opaque (Figure 3b). In Figure 3c, the substantial precipitated additive—oil foam—was observed on the liquid surface of the additive with the concentration of 5%.



Figure 3d shows the distribution curves of the dispersed particles for the three mixing concentration additives with a stirring rate of 15 L/min. For the concentration of 0.2%, two peaks were observed that were located at the sizes of 0.09 and 0.36 μm. For the concentration of 1%, the curve presents a high and narrow peak located at the particle size of 0.40 μm. While the concentration increased to 5%, two peaks were found located at the particle sizes of 0.55 and 8 μm. The distribution of the particle size ranged quite widely from 0.10 μm to several hundred micrometers. These findings indicated that the mixing concentration for the specification of solubility may lead to a precipitation phenomenon. In Figure 3c, lots of additives, like oil foams on the liquid surface, could remain on the surface of Al films, which could result in a poor average and uniformity of Al ER. The distribution of both 0.2% and 1% concentrations displayed an ideal state of emulsion with small sizes and narrow and uniform distributions. The main particle size with a 1% concentration was slightly larger than the size with a 0.2% concentration, while the amount of particle in a 1% concentration additive was several times that of the 0.2% concentration additive. Therefore, the mixing concentrations of 0.2% and 1% were adopted to investigate their effect on the Al ER, respectively. At the same time, we set up an etching solution without adding macromolecular additives as a control sample.



At the three concentrations of 0, 0.2, and 1%, the etching rates in the vertical direction were 701 ± 5, 728 ± 3, and 686 ± 2 nm/min, respectively, by measuring the remaining thickness on the bare Al wafers. The measurement was tested 10 times for each additive concentration. It showed that the etching solution with different concentration additives had a negligible effect on the Al vertical etching. The horizontal etch rate, RHV, and uniformity with different mixing concentrations were listed in Table 1. For three kinds of Al films with thicknesses of 0.2, 0.5, and 2.0 μm, the horizontal ER in the etchants with a 0% concentration were 1.94, 1.99, and 2.04 μm/min, respectively. Correspondingly, the RHV values were 2.77, 2.84, and 2.91. Under the 0% concentration, the horizontal etching rate was approximately three times that of the vertical etching rate. Under the condition of mixing a 0.2% concentration, the horizontal etch rates were 1.25, 1.20, and 1.27 μm/min, and the RHV values were 1.78, 1.71, and 1.81. Obviously, the horizontal etching rate had been steeply decreased. For the concentration of 1%, the horizontal etch rates were 1.05, 0.93, and 0.97 μm/min, while the RHV values were 1.49, 1.33, and 1.38. Furthermore, for the three Al thicknesses of 0.2, 0.5, and 2.0 μm, the uniformity defined as the ratio of the fluctuation range of the Al pattern CD to the average value decreased from 37.33% to 17.68%, 22.16% to 16.38%, and 21.51% to 14.56%, which correspond to the 0, 0.2, and 1% concentrations, respectively. This result demonstrated that the introduction of macromolecular additives can also optimize the interface characteristics of wet etching. To better analyze the trend in the influence of thickness and concentration parameters on the etching effect, we extracted the data in Table 1 and plotted them in Figure 4a. The results indicated that the ER and RHV of Al with a thickness of 0.5 μm were smaller than the counterparts with thicknesses of 0.2 and 2.0 μm. As the additive mixing concentrations increased, the Al horizontal ER reduced from ~2.0 to ~0.9 μm per minute and the RHV was effectively improved from ~3 to ~1.3 times. As a result, the undercut problem was efficiently alleviated. It means that the method had advantages over the common Al wet etching process including its low cost, high selectivity, small CD, good accuracy, etc.



Figure 4b,d demonstrated the microstructure and morphology of 2.0 μm thick Al film. It is apparent that the horizontal etching was greatly restrained in additive-mixed etchant. Specifically, the etching undercuts of three concentrations of 0, 0.2, and 1% were 8.02, 5.16, and 3.41 μm, respectively. The corresponding Al CD of the three concentrations were 28.96, 34.68, and 38.18 μm.



To better apply this method to solve the undercut problem of Al etching, a possible mechanism for the suppression of horizontal ER was proposed. The effect of the addition of macromolecular additives on horizontal etching can be explained by the interference on the horizontal transport of the etching solution during the etching process [24,25]. Specifically, the dispersed macromolecular particles of additives with a diameter near the thickness of the metal layer blocked the etching channel and inhibited the transport and exchange of liquid. With the additive concentration increasing from 0 to 1%, the main particle size of the additive with a 1% concentration was closer to the thickness of the 0.5 μm Al film. The number of particles for the sample with a 1% concentration was several times that with 0.2%. Thus, the RHV value seemed to be improved with an increasing additive concentration. The ER and RHV for the Al layer with a thickness of 0.5 μm were smaller than the counterparts for the Al layers with thicknesses of 0.2 and 2.0 μm. Figure 5 was a schematic diagram illustrating the process of wet etching and the physical mechanism. In Figure 5a, the etchant mixed with the additives reached the Al surface without PR covering and a chemical reaction occurred. Then, the undercut appeared under the photoresist due to the isotropic property of the wet etching process, as shown in Figure 5b. Some additive particles were blocked in the narrow channel of the undercut as the liquid flow was transported. With the chemical reaction going on, the Al film was etched gradually and the channel became longer, while more particles were blocked in the undercut—as shown in Figure 5c. The presence of additive particles in the channel of the undercut effectively limited the liquid transport and exchange, and thereby reduced the ER in the horizontal direction—as shown in Figure 5d. Vertical etching occurred in the area without PR coverage, forming no channels and no blocking effect, so the additives had no effect on the vertical etching rate. Even without additives, the horizontal etching rates were not same with the different thicknesses of Al, which can also be attributed to the blocking effect. Specifically, the size of the channel formed by Al with different thicknesses was not the same. The channel formed by shrinking a thin Al film would inhibit the exchange rate of the etching solution, while the width of the channel formed by the thick Al film was less impacted.




4. Conclusions


In this work, the Al horizontal ER was successfully reduced in the wet etching process by adding a kind of macromolecule additive into the Al etchant. The effect of the additive concentration and stirring strength on the dispersed distribution of the additive, as well as the Al horizontal ER and RHV, were studied. The dispersed phase of the additive, the CD, thickness, and microstructure of Al were systematically investigated by a laser particle size analyzer, OM, four-point probes, and SEM measurements. The dispersed distribution of the 1% concentration was recorded with an ideal state of emulsion under the mixing condition of 15 L/min. The ER and RHV for 0.5 μm Al were the smallest compared with that for 0.2 and 2 μm Al. The Al horizontal ER was reduced from 2.0 to 0.9 μm/min and RHV was effectively improved from 3 to 1.3 times. The Al CD was increased from 28.96 to 38.18 μm. The mechanism of the macromolecular additive on the decreasing Al horizontal ER effect in the wet etching process was that the dispersed particles of the additive blocked the etching channel and inhibited the transport and exchange of liquid. The closer the additive size was to the Al thickness, the more significant it enhanced this effect. In a word, this work adopted a method to reduce the horizontal etching rate of the Al wet etching process. The obtained findings provide manufacturers with reference knowledge of the metal patterning by wet etching. More valuable research results will be obtained if further process parameters and experimental samples can be done. The corresponding studies will be carried out in our future work.
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Figure 1. The schematic diagram of the wet etching bath. 
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Figure 2. Optical photographs from the top of the solution of the additive under stirring conditions of (a) 3 L/min, (b) 7 L/min, (c) 15 L/min, and (d) the distribution of additive dispersed particles with the concentration of 1%. 
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Figure 3. Photos from the top of the solution of the additive at concentrations (a) 0.2%, (b) 1%, (c) 5%, and (d) the distribution of the additive dispersed particles with the stirred rate of 15 L/min. 
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Figure 4. (a) Extracted values of RHV and horizontal ER as a function of additive mixing concentration and SEM images of 2 μm Al in etchants of concentration (b) No additive, (c) 0.2%, (d) 1%, for 4 min. 
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Figure 5. Schematic diagram illustrating the mechanism of macromolecular additives: (a) chemical reaction begins on Al surface without PR covering, (b) undercut appears under the photoresist, (c) additive particles are blocked in the narrow channel, and (d) additive particles in the channel limit the liquid transport and exchange. 
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Table 1. Etching experiment results for horizontal etch rate (unit: μm/min), RHV and uniformity.
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Additive Mixing Concentration

	
Al 0.2 μm (Etching Time 0.5 min)

	
Al 0.5 μm (Etching Time 1 min)

	
Al 2.0 μm (Etching Time 4 min)




	
Horizontal ER

	
RHV

	
Uniformity

	
Horizontal ER

	
RHV

	
Uniformity

	
Horizontal ER

	
RHV

	
Uniformity






	
0%

	
1.94 ± 0.3

	
2.77

	
37.33%

	
1.99

	
2.84

	
22.16%

	
2.04

	
2.91

	
21.51%




	
0.2%

	
1.25 ± 0.3

	
1.78

	
27.66%

	
1.20

	
1.71

	
24.67%

	
1.27

	
1.81

	
17.57%




	
1%

	
1.05 ± 0.3

	
1.49

	
17.68%

	
0.93

	
1.33

	
16.38%

	
0.97

	
1.38

	
14.56%
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