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Boron-induced Morphology Changes in Silicon CVD Growth: 
A Scanning Tunneling Microscopy Study 

Yajun Wang and Robert J. Hamers* 
Department of Chemistry 

University of Wisconsin 
1101 University Avenue 

Madison, Wl 53706 

Abstract: 

Scanning tunneling microscopy has been used to investigate the influence of surface boron 

on silicon growth via chemical vapor deposition (CVD). The presence of boron-induced 

reconstructions on the Si(001) surface dramatically changes the surface morphology during 

subsequent CVD growth of silicon using disilane at 815 Kelvin. Boron-induced 

reconstructions inhibit the lateral diffusion of silicon atoms from terraces to step edges, 

leading to greatly enhanced island nucleation, and also reduce the local surface reactivity 

toward disilane. Strong segregation of boron to the growth surface allows the enhanced 

island nucleation to persist to subsequent terraces during multilayer CVD growth of 

silicon, producing a rough but epitaxial surface. 
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Dopants play an important role in chemical vapor deposition (CVD) processes not only by modifying 

the electrical properties of semiconductors, but also by influencing the growth rate and growth morphology of 
1 10 11 Ifi the resulting films.   1U Recent studies      ° have demonstrated the possibility of growing thin boron-doped Si 

layers in which the local boron concentration exceeds the bulk solubility limit by several orders of magnitude, 

motivating the need for an atomic-level understanding of the mechanisms by which dopants modify the 

chemical reactivity and morphology during growth. 
17 18 In recent scanning tunneling microscopy studies17'10 we showed that decompositon of diborane and/or 

decaborane on the Si(001) surfaces produces several ordered reconstructions and a strong lateral phase 

segregation of boron on the Si(OOl) surface. In this paper, we show how these boron-induced reconstructions 

affect the chemical reactivity and morphology of surfaces produced by subsequent chemical vapor deposition 

using disilane. 

Samples of 0.01 ohm-cm, Sb-doped Si(OOl) wafers were cleaned by annealing to 1425 K in ultrahigh 

vacuum, producing large flat planes separated by monatomic steps. As shown in fig. 1, upon exposure to diborane 

at 815 Kelvin, boron incorporates into the crystal lattice and produces several closely-related boron-induced 

reconstructions.    ' ° Fig. la shows that these ordered reconstructions are accompanied by a strong lateral 

segregation, such that the boron atoms are not uniformly distributed on the surface. Instead, the high- 

resolution in fig. lb shows mat the surface consists of regions of well-ordered c(4x4) symmetry and other regions 

of (2x1) symmetry which appear identical to the clean Si(OOl) surface. Surfaces of Si(OOl) exposed to boron- 

containing precursors at less than saturation exposure (3000 Langmuirs for diborane) are best described as 

domains of boron-rich c(4x4) mixed with domains of "clean" Si(001)-(2xl), in proportions varying with the 

boron exposure. 

Figure 2 directly compares CVD growth from disilane on the diborane-exposed (2a-2c) and clean Si(001) 

(2d) surfaces. In fig. 2a-2c, Si(001) surfaces were first exposed to diborane to produce phase-segregated regions 

of c(4x4)-B/Si(001) occupying <5% of the total surface area, leaving >95% of the initial surface as clean 

Si(001)-(2xl). The diborane-exposed surfaces (2a-2c) and clean Si(001) surface (2d) were men exposed to 10% 

Si2Hö/He at a pressure of 5xl0~7 Torr (2a) or 25X10T
6

 Torr (2b-2d) at 815 Kelvin, resulting in growth of 

approximately 2 monolayers Si for fig. 2a and 10 monolayers Si for fig. 2b-2d. 

After growth of two monolayers of Si on the boron-exposed surface, fig. 2a shows that the predominant 

growth mode is by island formation, while on a clean Si(001) surface (not shown) growth using the identical 

procedure produces almost entirely step-flow growih.The influence of boron on the growth morphology is even 

more dramatic after growth of 10 monolayers. Fig. 2b shows mat growth of 10 layers of Si on the boron-exposed 

surface produces a rough surface. At higher resolution, fig. 2c shows mat despite the surface roughness the Si 

growth is still crystalline and epitaxial, since dimer rows running along the substrate crystallographic 

directions can be easily observed. Fig. 2c also shows that the growth surface is decorated with regions 

exhibiting the same boron-induced reconstruction as the original substrate surface, as indicated by the arrows. 

Therefore, it can be concluded that during CVD growth some of the boron "floats" to the surface layer instead of 

being completely buried at the original interface. For comparison, fig. 2d shows a large-scale STM image 



produced after identical CVD growth on an initially-clean Si(001) surface; here, we observe that growth occurs 

primarily by layer-by-layer growth, with only minimal formation of islands. 

In an effort to quantify the boron surface segregation, the number of surface unit cells attributed to the 

boron-induced reconstruction was measured on several surfaces before and after growth of disilane. (Based on 
17 18 our previous work,17'10 each unit cell contains four boron atoms). In fig. 2c, for example, the starting surface 

contained 3.9xl0"2 unit cells/nm2, while after growth of 10 monolayers of Si at a rate of 0.015 monolayer/second 

at 815 K, the topmost layer contined 1.4xl0"2 unit cells/nm2, indicating that 36% of the boron remains at the 

growth surface. Similar experiments under a variety of growth conditions show that the concentration of boron 

observed at the surface is too high to be explained by isotropic bulk diffusion and inconsistent with the 4 eV 

barrier for boron diffusion observed in bulk Si.19 

In addition to the segregation at the surface, our data clearly show that boron initiates island 

formation, resulting in a significantly rougher surface than growth on the corresponding clean surface. Fig. 3a 

shows the surface height distribution for the images shown in fig. 2d and 2b. While growth on the clean surface 

is confined almost entirely to four atomic layers, growth on the boron-exposed surface extends to ten layers and 

shows a nearly Gaussian height distribution. This is quantified in fig. 3b, which shows the height-height 

correlation function20'21 G{r) m (\h(f0) - h(rQ + f)] \ for these two surfaces. A fit of G(r) to the typical self- 

affine scaling model G(r) « exp(2ar) leads to a roughness exponent of <x=0.55±0.01 and a lateral correlation 

length £= 200 Angstroms for the boron-exposed surface, compared with oc=0.29±0.01 and a ^300 A for growth on 

the clean surface under identical conditions. Fig. 2b indicates that Si layers grown on the boron-exposed 

surfaces are self-affine on length scales of <200 A. 

In order to better understand the mechanism by which surface boron initiates island growth, STM was 

used to investigate the relative chemical reactivities of the clean and boron-reconstructed regions toward 

disilane at 300 Kelvin. These experiments showed that the reactive sticking probability for disilane is much 

lower on the boron-reconstructed regions than on the clean Si(001) surface, indicating that the island formation 

does not arise from preferential sticking or dissociation of disilane at the boron sites. In addition, when the 

boron-induced reconstructions occupy only a small fraction of the surface area, the total amount of silicon 

deposited from disilane (and hence, the average CVD growth rate) is nearly the same as on the clean surface, 

indicating the small amounts of boron do not significantly affect the CVD growth rate, in agreement with a 

recent study by Bramble«, et al.4 A decreased CVD growth rate is expected when the B-induced reconstructions 

occupy a significant fraction of the surface.7 Attempts to identify the location of the initial island nuclei by 

studying the spatial distribution of islands relative to the boron-reconstructed regions were inconclusive due to 

the strong surface segregation and possibility of lateral diffusion of boron atoms. 

The above results demonstrate that when the surface boron concentration is small, disilane adsorption 

and dissociation take place primarily on the clean regions of the surface. At 815 Kelvin the boron-induced 

reconstructions affect the surface morphology by restricting subsequent silicon diffusion from the terraces to the 

step edges, leading to a transition from step-flow to island growth. As the islands become larger and encroach 



upon the boron-induced reconstructions of the substrate, the boron is able to quickly diffuse to the outermost 

surface layer, but does not diffuse toward die bulk. As a result of the boron segregation to the surface, the 

restriction of diffusion is not limited only to the first silicon layer, but also extends to subsequent silicon layers 

as well. This leads to inefficient incorporation of boron into the silicon as a dopant and also leads to a 

dramatially enhanced island density as subsequent layers are grown on the surface. The high island density 

formed on each layer during CVD growth in turn leads to a crystalline but comparatively rough surface, as 

demonstrated by the large value of the roughness exponent in fig. 3b. Previous studies of the influence of boron 

on crystal quality have been inconclusive, with some reporting improved crystalline quality^' ^ and others 

reporting decreased quality.3, ^ A full understanding of boron's effect on CVD will require a model 

incorporating the rates of surface segregation, bulk diffusion, island nucleation, and surface diffusion for both 

boron and silicon. 

The strong surface segregation of boron indicates mat the boron atoms have a lower free energy at the 

surface than in the bulk. Parry, et al.    reported a similar surface enrichment of boron during CVD growth and 

calculated an activation barrier of 0.8 eV for diffusion to the exposed growth surface, compared with 4 eV for 

bulk diffusion of boron in Si.    Weir, et al.    found that at temperatures of less than 575 K crystalling Si could 

be grown on boron "delta-doped" layers without significant boron diffusion or segregation. Our results show 

that at the higher temperatures used for CVD growth (here, 815 Kelvin), when Si atoms cover the boron- 

induced reconstructions the B atoms can easily hop by one lattice constant to remain at the surface, and support a 

low activation barrier of <2 eV for mis process. This suggests indicate that while CVD techniques can be used 

to deposit the boron using diborane as a precursor, the higher temperatures necessary for CVD compared with 

MBE also result in greatly enhanced boron surface segregation and likely preclude the use of CVD for growth of 

buried "delta-doped" layers in which the boron atoms are confined to only a few atomic layers. 

This work was supported in part by the 13S. Office of Naval Research and the National Science 

Foundation Presidential Faculty Fellowship Program. 
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Figure Captions: 

la) STM image of boron-induced reconstructions on Si(OOl). Image dimensions 485 A x 485 A, -2V sample bias, 0.2 

nA current 

lb) High-resolution image, 192 A x 254 A. Arrows point to individual unit cells of boron-induced reconstructions. 

2) STM Images showing growth of disilane on clean and boron-exposed Si(001) surfaces, prepared as described in 

text. 

2a) 2 monolayers Si on boron-exposed surface; 4700A x 2980 A 

2b) 10 monolayers Si on boron-exposed surface, 4700 A x 2980 A 

2c) 10 monolayers Si on boron-exposed surface, 242 A x 178 A 

2d) 10 monolayers Si on clean Si(OOl), 4700 A x 2980 A 

3a) Surface height distributions measured on surfaces shown in fig. 2b and 2d. 

3b) Height-height correlation function measured on surfaces shown in fig. 2b and 2d. 
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